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PREFACE 


This second volume of the Annual Review of Physical Chemistry follows 
essentially the same division of the subject matter into broad fields as was 
used in the first volume. In the preparation of these two volumes, many 
questions have arisen concerning the boundaries between the various sub- 
divisions. We appreciate the efforts which have been made by the reviewers 
to settle such questions in order to keep the overlapping of the reviews to a 
minimum and yet provide a reasonably complete survey of the activity in 
physical chemistry during the period covered by each review. Of course, 
there are some papers dealing with physicochemical subjects which have not 
been mentioned and others which the authors may think have been given 
rather slight consideration. Such conditions are bound to arise since we have 
asked the reviewers to write critical surveys of the material which they con- 
sidered important in the fields assigned to them. Another year, a different 
reviewer may give quite different emphasis to the various aspects of the 
subject. 

There are some small changes from the plan followed in the first volume. 
The activity in the field of microwaves seemed to warrant the separation of 
that subject from the broad field of spectroscopy. Similar considerations led 
to the establishment of a separate chapter on ion exchange which might 
otherwise be included under surface chemistry. It seemed desirable also to 
gather together in a special chapter those studies which have been primarily 
concerned with effects which depend on the isotopic composition of the sub- 
stances studied. In introducing these supplementary chapters, we do not 
intend to designate them permanently as major subdivisions of physical 
chemistry, but we do propose to present more or less regular reviews of 
these and other special topics which may be of particular interest over a 
period of years. We welcome suggestions of topics of this character or of 
possible subdivision of some of the border subjects now listed. 

We wish to take this opportunity to give public expression to our thanks 
to the authors of the reviews for all the time and effort they have given to 
make this volume a useful contribution to scientific literature. It is only 
through the co-operation of active research men that we can hope to keep 
the standard of these reviews up to the level set in the first two volumes. 
A continuation of co-operation such as we have received will enable us to 
present to the scientific public each year an authoritative review of the 
activity in the field known as physical chemistry. 


H. E. J. W.W. 

3.6. E. B. W. 

W. F. L. R. E. P. 
G. K.R 
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THERMODYNAMICS AND THERMODYNAMIC 
PROPERTIES OF SUBSTANCES! 


By J. G. Aston, J. J. Fritz anp E. J. Rock 
Department of Chemistry, Pennsylvania State College, State College, Pennsylvania 


DATA OF STATE FOR GASES, LIQUIDS, AND SOLIDS 


During the last year, new compressibility data have been obtained from 
which have been calculated thermodynamic properties of certain gases. 
Yutema & Schneider (1) have developed a new apparatus for determination 
of compressibility and have determined the second virial coefficient of helium 
between 600 and 1200°C. The virial coefficients have been compared with 
ones calculated using a Lennard-Jones potential function (2), 

E(r) = \r™ — wr™ I 
with 
m=6 and n = 9 or 12. 


This work is part of a program in progress at the Research Council Labora- 
tories in Ottawa from which has also resulted compressibility data on carbon 
dioxide between 0 and 600°C. for pressures up to 50 atm. (3). 

The results were fitted to an equation of the form 


Py = n(Ar+ BrP + CrP? + DrP’). II 


From these data, complete thermodynamic properties have been calcu- 
lated and tabulated for carbon dioxide (4). As part of the program of the 
van der Waals Laboratory, Michels et al. have also calculated thermody- 
namic functions for carbon dioxide from 25 to 150°C. (5) and for pressures up 
to 3,000 atm. from their own data (6). Michels et al. (7) have also calculated 
the thermodynamic functions for argon from 0 to 150°C. and at pressures 
up to 2,900 atm. from their own compressibility data (8). 

Beattie et al. (9) have studied the compressibilities of gaseous isobutane 
from 150 to 300°C. and from 25 to 250 atm. and therefrom derived the con- 
stants of the Beattie-Bridgeman equation of state. Vapor pressures, ortho- 
baric densities, and critical constants have previously been reported (10). 
This work is a continuation of similar work on isobutene already described 
(11), as part of which the vapor pressure, orthobaric liquid density, and criti- 
cal constants of butene-1 have been determined from 30°C. to the critical 
point (12). 

White, Friedman & Johnston report the vapor pressure from 20.9 to 
33.24°K., (13) and a direct observation of the critical temperature and 
pressure (14) of normal hydrogen. 

New measurements of the vapor pressures of nitrogen (15), oxygen (16), 
and carbon dioxide (17) have been reported. 

The vapor pressure of nitrosyl chloride (18) has also been studied between 


' The survey of literature pertaining to this review was completed in January, 


1951. 
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—7° and —14.7°C. Compressibility data, orthobaric liquid and vapor densi- 
ties, and vapor pressures from 240 to 290°K. have been measured for diborane 
(19). 

The vapor pressure from 60 to 160.15°C. (the critical point) and critical 
constants have been determined for trimethylamine (20). 

Vapor pressures, calorimetric heats of vaporization, and second virial 
coefficients have been determined for butyne-1 (21) from 194 to 283°K. 
and spiropentane (22) from 30 to 71°C. Vapor pressures have been deter- 
mined for dimethyl-disulfide (thiobutane) (23) from 0 to 130°C., on a series 
of cis and trans disubstituted ethylenes from 300 to 425°K. (24), for hexadec- 
ane and dodecylhexane near room temperature (25), and for 2,4,6-trinitro- 
toluene between 53 and 143°C. (26). 

Vapor pressures have been measured for 2-furfuraldehyde, sym-tetra- 
chloroethane, methy] salicylate, monoethanolamine, arsenious chloride, and 
trans-2-chloroviny! dichlorarsine (27). 

Significant vapor pressure data at high temperatures have recently be- 
come available. Perhaps the most interesting are the studies of the vapor 
pressure of carbon published by Marshall & Norton (28) from 2360 to 2900°K. 
and Brewer, Gilles & Jenkins (29) at 2600°K. While details differ, these 
authors agree in placing AH‘) for the vaporization of graphite at about 170 
cal., the highest of the values previously estimated from spectroscopic data. 

Other vapor pressure measurements have been made, all by modification 
of the Knudsen and Langmuir method. These include data on B,O; from 
1330 to 1640°K. (30), chromium from 1283 to 1561°K. (31), solid and liquid 
silver from 750 to 1050°C. (32), titanium from 1500 to 1800°K. (33) and the 
compounds of the transuranic elements (34, 35). For measurements with 
silver and with the transuranic material, natural or artificial radioactivity 
was utilized to enhance the sensitivity of the measurement. In most cases 
heats of vaporization are calculated from the data. 

The volume change on melting has been studied for certain organic com- 
pounds including normal hydrocarbons, normal alcohols, and normal acids 
(36). 

The second virial coefficient of He® has been calculated from statistical 
mechanics assuming a Fermi-Dirac distribution (37). The values at low 
temperatures are smaller than those for He‘. Values of the third virial coeffi- 
cient of argon, methane, and nitrogen, in fair agreement with experiment, 
have been calculated using a Lennard-Jones potential function (38). How- 
ever, the agreement is poor for carbon dioxide, ethylene, and ethane. The 
critical point has been treated theoretically by Tisza (39), and the Antoine 
vapor pressure equation has been derived assuming that the gas obeys van 
der Waals’ equation and that the liquid consists of a system of oscillators 
(40). 

HELIUM 

Solutions of He* in He*.—New interest in the thermodynamics of liquid 

helium has been stimulated by the recent availability of the isotope He* 
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in essentially pure form. Since the superfluidity which occurs in liquid He‘ 
has been interpreted as an effect due to quantum statistics, the examinations 
of He’ for this and other properties was of considerable theoretical interest. 
Daunt and co-workers (41), working with very dilute solutions of He?’ in 
He‘, showed that He* did not partake of the superfluid nature of the more 
abundant isotope. On this basis, Stout (42) showed thermodynamically 
that the ‘‘A-point” below which superfluidity occurred in He*—He‘ solutions 
must depend upon concentration. 

Early measurements of relative concentration of He* in liquid and vapor 
led Taconis (43) to suggest that He* dissolved only in the ‘‘normal”’ part of 
He‘ and was insoluble in the ‘‘superfluid”’ portion. Many ingenious theories 
were developed on this basis to predict the variation of ‘“‘A-temperature”’ with 
concentration; of particular interest are those of de Boer & Gorter (44) and 
of Rice (45). 

Measurements of the A-temperatures of He*—He* solutions have been 
made above 1°K. by Abraham, Weinstock & Osborne (46) and below 1°K. 
by Daunt & Heer (47). The measurements have been analyzed by Daunt & 
Heer (47), Stout (48), and others, in terms of special forms of a “‘two-fluid”’ 
theory. The theories generally used assume essentially ideal behavior of 
both solution and vapor. However, Arnold & Hoge (49) have shown that 
solutions of isotopic hydrogen molecules are appreciably non-ideal at 20°K. 
Kilpatrick (50) has examined the effect of gas imperfections on the theoretical 
treatment. Direct measurements of the vapor pressures of 20 and 25 per 
cent solutions of He* in He‘ (51) show marked but not abnormal deviations 
from Raoult’s Law. Recent measurements of the fountain pressure of dilute 
He? solutions (52) bear out qualitatively the assumptions of the two-fluid 
theory, but obey the Van’t Hoff law sufficiently well that they can be handled 
by ordinary means if one assumes that a fine slit acts as a membrane perme- 
able only to liquid He‘. 

Pure He*.—The diagram of state of pure He*® has excited theoretical 
interest, again ig view of the expected effect of quantum statistics on the 
properties of the element at low temperatures. London & Rice (53) predicted 
originally that He* would not condense at all. Later, several estimates of 
the normal boiling point (54, 55) were made, the best of which was that of 
de Boer & Lumbeck (55). Vapor pressures were measured first at Los Alamos 
(56) and then more accurately by Abraham, Osborne & Weinstock (57). 
The latter investigators have obtained the heat of vaporization and, using 
entropies for the gas, calculated from the Sackur-Tetrode equation, the 
entropy of liquid He*. The entropies so calculated fall on a smooth curve, 
and the value at 1°K. is sufficiently small that any major transition in the 
liquid below 1°K. seems improbable. 

The liquid-solid transition—The thermodynamic properties of solid 
helium have been examined further by Simon & Swenson (58) and Swenson 
(59), who report measurements of the equilibrium pressure and change in 
volume for the transition He,—He, from 1.0 to 4.0°K. Their data indicate 
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clearly the validity of the assumption from the third law of thermodynamics 
that the heat and entropy change of this transition must approach zero as 
T approaches zero. The group at Oxford also measured solidification pres- 
sures of helium up to 50°K. and 7270 atm. (60), and heat capacities of helium 
under high pressures up to 30°K. (61) in order to examine the (improbable) 
possibility that there could be a critical point in the solid-fluid transition 
analogous to that in the liquid-gas transition. The measurements to date 
show no evidence of any tendency in this direction for helium up to 30°K. 


THE SOLID STATE 


General properties of solid states —Barieau & Giauque (62) compared the 
entropy at 25°C. of ZnSO,-7H,0 as calculated from low-temperature heat 
capacity measurements, with that obtained from measurements on the 
Clark cell. They conclude from the agreement of the entropies that there is 
no randomness due to hydrogen bonding in the arrangement of the water 
molecules of this crystalline hydrate such as exists between the water 
molecules in ice. Preliminary measurements in ZnSO,-6H.O indicates that 
randomness may exist in the latter salt. In connection with the problem 
ZnSQ,-:7H20, Giauque, Barieau & Kunzler (63) determined the partial molal 
heat contents and heat capacities of aqueous zinc sulfate solutions from 25 
to 35°C., and calculated the vapor pressure of water over saturated ZnSO, 
solutions from 0 to 60°C. Barieau (64) examined critically the methods re- 
quired for the application of the Gibbs-Helmholtz equation to electromotive 
force measurements on cells involving more than one solid phase. 

Recently, Raman (65) has objected to the lattice theory of heat capacity 
and proposed instead that the spectra of single crystals should consist of a 
few discrete lines, some measured and some calculated to fit specific heat 
data. Sayre & Beaver (66) measured the heat capacities of NaH and NaD 
from 60 to 90°K., and compared their results with calculations by the 
theory of Born and von Karman. The agreement between observed and 
calculated values is poor, although the shapes of curves for the two com- 
pounds and their relationships to each other is quite similar in each case. 

Kushner, Crowe & Smyth (67) have determined simultaneously the heat 
capacity and dielectric constant of t-butyl and n-amy] halides from 80°K. 
to temperatures well above the melting points. The ¢-butyl halides showed 
marked rotational transitions above which the molecules could rotate 
freely in the lattice. Two crystalline forms were shown by n-amyl bromide. 

Thompson & Ubbelohde (68) have measured partial molal heats of fusion 
of benzene by means of freezing point lowering. In general, the solutes de- 
creased the entropy of fusion of the benzene, apparently due to increased 
possibility of rotation in the solid state. 

Investigations of paramagnetic salts—De Klerk and others at Leiden 
have succeeded in extending the temperature range available for thermo- 
dynamic measurements to about 0.0014°K. (69 to 72). These extremely low 
temperatures were obtained by adiabatic demagnetization of a diluted 
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chrome alum from 1.09°K. and 22,600 oersteds. These measurements are 
of especial interest because magnetic hysteresis and remanance are used as 
thermometric parameters in the range below 0.01°K., where the ordinary 
magnetic susceptibility is not particularly suitable. There has been a great 
deal of interest in the measurement of the properties of atomic nuclei at 
very low temperatures, particularly in the possibility of obtaining tempera- 
tures from 10~* to 10-*°K. by the demagnetization of nuclei possessing mag- 
netic moment. Rollin (73) has produced a two-stage demagnetization appara- 
tus which has thus far been applied only to a double demagnetization of 
paramagnetic salts. Garrett (74) measured the heat capacity of copper 
potassium sulfate to about 0.01°K. He concludes that below 1°K., about 
20 per cent of the heat capacity of this salt is due to the magnetic moment 
of the copper nucleus. Benzie & Cooke (75) reach quite similar conclusions 
from their measurements on diluted copper salts above 1°K. 

Superconductors —The heat capacities of a number of superconductors 
have been measured, and the electronic contributions to the heat capacity 
have been calculated. Silvidi & Daunt (76) measured heat capacities of tung- 
sten and zinc from 1.5 to 4.0°K. Daunt & Heer (77) calculated the electronic 
heat capacity from their measurements of the magnetic threshold curves of 
superconducting zinc and aluminum. Clement & Quinall (78) measured the 
heat capacities of normal and superconducting indium below 4.3°K. In the 
above cases, good agreement was obtained between the calorimetric and 
magnetic determinations of the electronic heat capacity. In most cases, 
agreement with estimates from other types of data was fair. 

Armstrong (79) measured approximately the heat capacities of niobium 
nitride from 11 to 20°K. in the presence and absence of magnetic fields. In 
contrast to the behavior of elementary superconductors, they found no evi- 
dence that the superconducting transition became first order in the presence 
of a magnetic field. 


THERMODYNAMICS OF SOLUTIONS 


A very thorough survey of the thermodynamics of nonelectrolytic solu- 
tions has been given by Hildebrand & Scott (80). The reader is referred to 
this monograph for the background of the more recent papers to be consid- 
ered here. 

Prigogine & Mathot (81) have measured heats of mixing and vapor 
pressures for the systems cyclohexane-n-hexane and tetraethylmethane-n- 
octane. Both systems show small positive deviations from Raoult’s Law. 
The first, however, has a small positive heat of mixing and the second a 
small negative heat. They attribute these effects to a ‘‘change in internal 
degrees of freedom”’ rather than to a non-ideal entropy. 

The mixture C,;Hj.—-C;Fy2 has been studied exhaustively by Simons & 
Dunlap (82). Although these two substances are structually very similar and 
have almost identical melting and boiling points, their solutions deviate 
widely from Raoult’s Law, and have non-ideal heats and entropies of solu- 
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tion. Even after correction for the relatively large molal volume of CsFy, 
the solutions are far from being ‘‘regular.”’ Simons & Dunlap blamed the 
behavior of the solutions on the lack of “interpenetration” of the fluoro- 
carbon molecules. Hildebrand (83), in commenting on these results, consid- 
ered the interpenetration effect probable, but pointed out that such effects 
could readily be handled empirically where experimental data were available. 
Hildebrand (83) compared the solubility (or consolute temperature) of a 
number of nonelectrolytes in n-heptane. The deviations from regular solu- 
tions could be accounted for by assigning to heptane a solubility parameter 
about 8 per cent higher than that calculated from the energy of vaporization. 

Gjaldbaek & Hildebrand (84) measured the solubility and partial molal 
volumes of chlorine in various solvents, and compared them with various 
theoretical values. They (85) also measured partial molal volumes of ethane, 
methane, and nitrogen and compared these with the “internal pressure”’ 
of the solvent. The effect of electrolytes on the solubility of various gases in 
water as a function of temperature and concentration was measured by 
Eucken & Hertzberg (86). From the observed ‘‘salting-out’”’ effects, they 
calculated the degree of hydration of the ions. Their results are uniformly 
higher than those obtained from kinetic measurements (such as transference) 
but agree with estimates from partial molal volumes. Ewing & Mikovsky 
(87) measured molal volumes in concentrated Ca(NOs3)2 solutions and 
measurements of partial molal volumes of solutions of perchloric acid and 
sodium perchlorate were made by Wirth & Collier (88). 

Tschamler, Richter & Wettig (89) measured the heat of mixing of chlorex 
(2,2’-dichloroethyl ether) with five normal alcohols as a function of compo- 
sition at 25°C., while Ebert et al. (90) measured the heat of mixing of aniline 
in n-hexane and cyclohexane. Ebert, Tschamler & Wachter (91) examined 
the heat of mixing as a function of composition for 25 binary solutions of 
various types, most of them involving chlorex. They found a wide variety 
of types of behavior and in only a few cases could the heat of mixing be repre- 
sented as a simple power series in the mole fractions, as predicted by the 
simple forms of the Duhem-Margules equation. 

Lange & Markgraf (92) measured the heats of dilution of aqueous solu- 
tions of methanol, ethanol, and several sugars between about 0.02 M and 
0.3 M. At the higher concentrations, the alcohols show nonlinear behavior, 
which is attributed to association. 

Hartley & Skinner (93) compared the heat of solution of iodine in various 
solvents with the difference in internal pressure between solute and solvent. 
They find “regular” behavior for the ‘‘blue”’ iodine solutions. In solvents 
which form brown solutions, there are deviations which they attribute to 
complex formation between iodine and the solvent. 

Smisko & Mason (94) have determined heats of dilution of boric acid at 
low concentrations and Bobtelsky & Larisch (95) have measured the heats 
of solution of ionic molecules, principally halides of the iron group, in ethy] 
alcohol-water mixtures as a solvent composition. 
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On the theoretical side, Guggenheim & McGlashan (96) have calculated 
the entropy of mixing for a variety of solutions for which the heat of mixing is 
zero (so-called ‘‘athermal”’ solutions) and which contain molecules of dif- 
ferent sizes and shapes. They conclude that the entropy of mixing is not 
“ideal”’ for molecules of different dimensions, and that its deviations from 
the ideal value depend more on the relative size of the molecules than upon 
their shapes. Miinster (97) has attacked the general problem of concentrated 
binary solutions of spherical molecules, and obtained expressions for the 
thermodynamic properties of such solutions by examining various pieces 
of experimental data and considering the effect of deviations from the 
assumptions used. 

Electromotive force measurements have been applied by Kleppa (98) 
to the study of the liquid systems, tin-gold and lead-gold, which have small 
heats of mixing but show large deviations from ideal behavior, and the ac- 
tivities, partial molal heat content, and entropies of the components of the 
liquid system have been evaluated. 

Darken (99) has developed methods for the treatment of partial molal 
quantities in systems of more than two components, in which one of the 
quantities can be determined directly. 

An investigation of solubility relationships in ternary systems of ionic 
compounds has been conducted by Wagner (100). Shedlovsky (101) has 
reported corrected values of activity coefficients for LaCl3, CaCle, KCl, NaCl 
and HCl in aqueous solution and constants for the extended Debye-Hiickel 
equation based on recent values of the universal constants. 

Additional data have become available on the activity of electrolytes in 
media other than pure water. Crockford, Knight & Staton (102) have uti- 
lized cell measurements in the determination of the activity of HCl in 
aqueous ethylene glycol. Williams, Knight & Crockford (103) have examined 
HCl in aqueous glucose and Land & Crockford (104) measured the activity 
of H2SO, in aqueous propanol. 

Solid solutions——A series of papers by Hovi and co-workers (105 to 
110) present extensive experimental data on the heat of formation of solid 
solutions of alkali halides, as determined from measurements in a differential 
calorimeter of the relative heats of solution of these and the pure compo- 
nents. The later papers contain mainly interpretations of the data in terms 
of the theories of Wasastjerna (111, 112), who made statistical calculations 
of the energy of a mixed crystal lattice with thermal displacements of ions 
in a lattice containing only local order. 


THERMODYNAMICS OF SURFACES AND ADSORBED PHASES 


The Brunauer-Emmett-Teller (B-E-T) theory of adsorption imposes 
certain requirements on the heats and entropies of adsorption. Recently 
a number of experimenters have examined the experimental basis of these 
requirements. Morrison & Szasz (113) measured the heat capacity from 20 
to 80°K. of nitrogen adsorbed on titanium dioxide. The heat capacity was 
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invariably less than that of bulk, solid or liquid nitrogen, indicating that 
the adsorbate existed as something approaching a two-dimensional condensed 
phase. Kington, Beebe, Polley & Smith (114) measured differential heats of 
adsorption of nitrogen and oxygen on titanium dioxide. They found that the 
heat of adsorption was higher than the amount predicted by the B-E-T 
theory at the monolayer, and was considerably higher at lower coverages. 
The partial molal entropy of the adsorbed phase likewise deviated from 
B-E-T values. 

The adsorption of helium gas at low temperatures is of considerable 
interest because of its connection with the A-phenomenon. Kistemacher 
(115) found that upon cooling through the A-point, the number of layers 
of helium adsorbed on glass rose rapidly from about 5 to approximately 
30. Fredrikse (116, 117) measured the heat capacities and adsorption 
isotherms of helium adsorbed on jeweler’s rouge. Except for the lowest 
coverages, these show A-points as with bulk helium, but the A-point is 
shifted to lower temperatures. Mastrangelo (118) pointed out that the shift 
of \-temperature could be explained by the helium in the film.? At the lowest 
coverages, which showed no A-point, the helium could be considered as solid. 
Mastrangelo (119) measured heat capacities and adsorption isotherms of 
helium on titanium dioxide. These measurements showed the same phenome- 
non as the previous measurements of Fredrikse. In addition, Mastrangelo 
was able to obtain agreement with heat capacity data by the assumption 
that successive layers behaved like bulk liquid (or solid) helium under the 
pressures calculated from the A-temperatures. In his measurements the A- 
point was observed both in the heat capacities and in the adsorption iso- 
therms. 

Hill (120), Everett (121), and Tompkins (122) have all examined the 
adsorption process mainly from the standpoint of statistical mechanics. 
Hill’s work is by far the most extensive. These authors all agree that the 
important thermodynamic relationships can be defined and determined 
experimentally without direct reference to a statistical model. Tompkins 
gave a general analysis of the partition function for adsorption on a non- 
uniform surface. He reaches the interesting conclusion that essentially all 
types of isotherms reported can be obtained by using suitable expressions 
for the dependence of heat of adsorption on coverage. 

Montroll (123) has made theoretical calculations of heat capacities of 
solids at low temperatures. He estimated that from 0.5 to 10 pergcent of the 
heat capacity at 1°K. of a fine non-metallic powder or a material with a 
domain structure should come from a T? term due to the effect of the sur- 
face. This problem has also been considered by Koppe (124) and by Kington 
& Morrison (125). 


2 It was assumed that the adsorption produced a high density (or equivalent 
pressure) in the helium. 
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HEATS OF POLYMERIZATION 

Two reviews have been published in the past year on heats of polymeri- 
zation (126, 127). 

A study of the osmotic pressures of polystyrene solutions at different 
temperatures and concentrations leads to values for the heats of dilution 
of the polymer solutions (128). The experimental work agreed with statistical 
theory only in the case of solutions in cyclohexane. With three other solvents, 
the entropy of dilution was very low, contrary to theory. Other workers 
(129) studied the heats of solution of polymers of cellulose nitrate, dibutyl 
phthalate, and tritolyl phosphate in three different solvents. In this work, 
the effect of temperature on the heat is considered. 

The heats of polymerization of chloroprene, styrene, and methyl meth- 
acrylate were determined in an isothermal calorimeter (130). 


NEw THERMODYNAMIC DATA 





Entropies from the third law.—The measurement of the heat capacity of 
para-hydrogen from 12 to 19°K. has been repeated by Johnston, Clarke, 
Rifkin & Kerr (131). Low temperature heat capacity data, with calculations 
of Third Law entropies, heat contents and free energies have been reported 
for AlsO3 (132), B.03 (133), H;BO; (134), LiOH and LiOH , H.O (135), MgF: 
and CaF, (136), Zr, ZrN, and ZrCl, (137); and andalusite, kyanite, and 
sillimanite (138). 

Heat contents and heat capacities at high temperatures.—Heat contents and 
heat capacities have been measured for metallic sodium (30 to 900°C.) 
(139), chromium, manganese, and cobalt (0 to 800°C.) (140); MnS, FeS, 
and FeS, (141); MgO, TeOs, and ZrO, (142); a number of compounds of 
zirconium (143), and hydroxyapatite (144). Most of the measurements have 
involved determination of heat content with some form of drop calorimeter. 
Of these, the measurements on sodium had the highest precision. The 
measurements on the transition elements were made in an adiabatic calorim- 
eter designed by Armstrong (145) for the direct determination of heat 
capacities between 400 and 800°C. 

Third law entropies have been determined for liquid and gaseous 
butyne-1 (21), dimethyl disulfide (2,3-dithiobutane) (23), and spiropentane 
(22). 

Heats of combustion.—In the calculation of equilibrium data for various 
organic compounds, the determination of heats of combustion provides 
experimental values which can be used for the calculation of the heat of 
formation of the substance. During the past year, a few new values have 
been reported and many of those reported previously have been revised on 
the basis of more refined methods of determination. The heat of combustion 
and the heat of formation are reported for the first time for maleic anhydride, 
furoic acid, and furfury! alcohol (146), and in the same paper, Parks and co- 
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workers list revised values of the heats of combustion and heats of formation 
at 25°C. of isopropyl alcohol, methyl ethyl ketone, phthalic anhydride, 
cyclopentanol, cyclohexanol, benzophenone, phthalic acid, 4nd cetyl 
alcohol. 

Jessup & Prosen (147) have reported heats of combustion and formation 
for cellulose and nitrocellulose. In these determinations, the samples were 
taken from cotton linters and wood pulp. 

The heat of combustion of diphenylmethane was redetermined to elimi- 
nate possible ambiguity in earlier work due to the melting of this compound 
(m.p. 25.1°C.). In the most recent work (148), the heat of combustion is 
determined on liquid diphenylmethane. The heat of formation is calculated 
from this value. 

A series of determinations have been made on phenylethenes (149). The 
heats of combustion at 25° and 30 atm. pressure are reported on: 1,1- 
diphenylethene, cis-1,2-diphenylethene trans-1,2-diphenylethene, tripheny]- 
ethene, tetraphenylethene, cis- and trans-4,4’-dinitrostilbene and cis- and 
trans-4-mononitrostilbene (150). The heat of formation of each of the 
nitrostilbenes in the solid state has been calculated, as has the heat of iso- 
merization from the cis- to the trans- form. 

The heats of combustion and formation of pure cyclooctatetraene have 
been determined (151) and from them the heat of isomerization of the cyclo- 
octatetraene to styrene has been calculated. 

Parks and co-workers (152) have reported thermal data on nine hydro- 
carbons, some of which contained a cyclohexyl group. The heat capacity, 
entropy, and free energy of formation are tabulated. In liquid straight chain 
hydrocarbons the increment in the heat of formation due to a (—CH.—) 
group is 1.21 kcal., whereas the addition of a cyclohexyl group causes a 
change of 12.8 kcal. 

Heats of reaction and formation of inorganic compounds.—Brewer & 
Lofgren (153) have studied the reaction of metallic copper with gaseous 
hydrogen chloride to form Cu,Cl, (g). They determined, from equilibrium 
data, AF, AH, and AS at 1300°K. for the reactions: 

Cu(s) + HC] = CuCl(g) + } He(g) 
and 
3 Cu(s) + 3 HCl = Cu;Cl;(g) + 3 H.(g). 

For the reaction, 3 CuCl(g)=CugCls (g), the free energy is given as a 
function of the absolute temperature. From this it is evident that at low 
temperatures the equilibrium will shift to favor formation of the trimer. 

Irmann (154) has reported values for the energies of formation of 
aluminum (I and IJ) halides. Although the uncertainty of the values is high, 
the accuracy is sufficient to determine the relative stabilities of the halides. 
It is noted that the mono-halide is more stable than the di-halide. The 
heats of formation of the following inorganic salts have been calculated 
from their heats of solution in hydrochloric acid: magnesium, calcium, 
strontium, and barium oxalate (155) and thorium tetrachloride (156). 








THERMODYNAMICS 11 


In an investigation of substances which could be used as refractories, 
Eastman et al. have listed the physical properties, including the heats of 
formation from the metals and rhombic sulfur at 298°K. of CeS, CesS, 
(157) and ThS, Th2S3, Th7S;2 and ThS, (158). 

The formation constants of other inorganic salts have been determined 
by various methods. Kochnev (159) has calculated the free energies of forma- 
tion of CosAse from the experimentally determined dissociation vapor 
pressures. The heat of reaction of potassium ozonide (160) with aqueous 
sulfuric acid was used to calculate the formation equilibrium constants of 
the ozonide, and from this the electron affinity of ozone was determined to 
be about three times that of oxygen. 

From complexing constants, the heat of binding of copper (II)- and 
nickel (II)- diethylenetriamine was determined (161). However, for the 
nickel complex the results were somewhat anomalous. 

Lacher and co-workers (162, 163) have determined the vapor phase 
heats of hydrobromination of cyclopropane and propylene at 94°C. From 
these values, the heat of formation of cyclopropane was derived. In their 
second set of determinations (163), they used simple fluoroolefins: tetra- 
fluoroethylene, trifluorochloroethylene, and 1,1-dichloro-2,2-difluoroethyl- 
ene. They found that the heat produced in hydrobromination is larger than 
predicted by Pauling (164) or Pitzer (165). 

The Bureau of Standards (166) has reported the heat of fluorination at 
250°C. of cobaltous fluoride to yield CoFs, and the heat of reaction at 335°C. 
of hydrogen with cobaltic fluoride, in which cobaltous fluoride and gaseous 
hydrogen fluoride are the products. In the reaction of cobaltic fluoride to 
fluorinate ortho-bis-(trifluoromethyl)-benzene at 335°C., the actual calori- 
metric heat is reported, but possible side reactions limit the accuracy of this 
value. 

In a study of the acidic and basic properties of various oxides (167), 
heats of decomposition were determined for the dichromates of potassium, 
sodium, and thallium. Disorder-order transformations in the gold-copper 
alloy have been studied calorimetrically (168, 169). 

Brown (170) has studied the equilibrium in the reduction of barium 
oxide by carbon at 950°C. From this he deduced a value of the free energy 
of formation of barium oxide from its elements at 1223°K. in satisfactory 
agreement with that obtained from considerations of the third law of ther- 
modynamics. 

Heats of reaction of organic compounds.—-t wo distinct studies have been 
made on substances which form complexes with benzene. From the ultra- 
violet absorption spectrum of a benzene-iodine complex, an equilibrium 
constant can be derived (171). Vapor pressure measurements are used to 
determine the heat of dissociation and heat of formation of the ‘‘molecular 
compound,”’ carbon tetrabromide-benzene (172). From these data and other 
considerations, it is conjectured that the compound is formed through the 
m bonds of benzene. 
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Seki & Momotani (173) have measured the heats of transition of hexa- 
chloroethane at 45°, 72°, and 185°. Their results at 72° agree favorably with 
other data in the literature. Carson & Skinner (174) have determined the 
heat of formation of methyl magnesium iodide-ether in vacuo in an adiabatic 
calorimeter by the direct reaction of magnesium with methyl iodide in 
diethyl ether. A study has been made by Dilke & co-workers (175) of the 
possible type of linkage of aluminum chloride with various organic com- 
pounds by measuring the heats of mixing. Heats of mixing are also reported 
for chlorex with various simple substituted phenyl compounds (176). 

Heats of hydrolysis —Pritchard & Skinner have published values for the 
heats of hydrolysis of chloro-substituted acetyl chlorides (177), acetyl 
fluoride (178), and of chloral and bromal (179). Similar values were deter- 
mined for benzoyl chloride, bromide, and iodide by Carson, Pritchard & 
Skinner (180). From these values they calculated the heats of formation of 
the various substances, using the best available data for the heat content 
of the other compounds involved in the hydrolysis reaction. Of interest 
from a practical standpoint is that aqueous acetone was used as solvent so 
that the rate of hydrolysis was reasonable. Without the acetone, the rate 
was extremely slow. 

NEw METHODS 


Rand & Hammett (181) describe a method for determining heats of reac 
tions by measurement of the temperature rise in a stirred flow reactor. This 
method is particularly adaptable to those reactions, the rates of which make 
ordinary calorimetry difficult. 

The method of Reichardt for the determination of the heat capacity 
ratio of gases has been extended by Koehler (182). This method of self- 
sustained oscillations gives ratios accurate to .05 per cent. 

For the determination of the heat capacity of gases, Reynolds & DeVries 
(183) have developed a flow calorimeter in which only 25 ml. of liquid sample 
is necessary, and a determination can be made in 15 min. Heat capacities 
of the gas are reported for primary, secondary, and tertiary butyl! alcohols 
at 136° and 160°C. 

DISSOCIATION ENERGIES 


Hartley, Pritchard & Skinner (184), in their most recent article on the 
thermochemistry of metallic alkyls, have reported dissociation energies for 
the bonds: (CH;—Hg), (CH;—HgCHs;), and (CH;—HgX), in which X is 
chlorine, bromine, or iodine. These values were calculated from heats of 
reaction at 20°C. of dimethyl mercury with alcoholic solutions of bromine, 
iodine, mercuric chloride, mercuric bromide and mercuric iodide. 

Glockler (185, 186) has presented a value for the heat of dissociation of 
carbon monoxide, and then estimates the heat of dissociation of nitrogen 
by comparing its force constant, internuclear distance, and previously sug- 
gested values of its heat of dissociation with these same values for the 
isoelectronic carbon monoxide. 
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Caunt & Barrow (187) have determined the heat of solution of thallous 
fluoride in water and from this and other data have deduced an approximate 
value of the dissociation energy of fluorine. Their determination agrees with 
that deduced from the spectra of rubidium fluoride and cesium fluoride 
(188). Evans (189) has presented a survey of the available experimental 
data on the dissociation energy of fluorine and points out that, as yet, an 
accurate value is not known. However, from considerations of the periodicity 
of the elements, he suggests a possible value. 


BARRIERS HINDERING INTERNAL ROTATION 


Blade & Kimball have analyzed the limitations in the calculation of 
energy levels from thermodynamic data (190). By introducing a slope param- 
eter into the potential function, they have concluded (191) that the height 
of the barrier restricting rotation in ethane as estimated from the calorimetric 
data, could lie between 1550 and 2700 cal. M~, while in 1,1,1-trifluorethane 
it could be between 2300 and 8300 cal. M~' and in methanol between 800 
and 3000 cal. M~. 

A value of the entropy of butene-1 at the boiling point, from heat 
capacity data down to 15°K., the heat of fusion, vapor pressure, and heats 
of vaporization, has been compared with one calculated from spectroscopic 
and molecular data to yield a value of the barrier hindering internal rotation 
of the methy] group of 3000 cal. M—! (21). A similar investigation on dimethyl] 
disulfide (2,3-dithiobutane) (23) yields a value of the barrier hindering 
internal rotation of the methyl group of 1140 cal. M~' if it be assumed that 
a line in the Raman spectrum corresponds to a “‘libration’”’ about the S—S 
bond about which there is a two-fold cosine type barrier. 

Halford has extended the available tables of Pitzer and Gwinn for the 
thermodynamic functions of a hindered rotor (192). Using these, he has cal- 
culated the heat capacity and entropy of methyl alcohol (193) from the 
newly determined barrier of 932 cal. M~! obtained by Burkhard and Den- 
nison from their unpublished microwave data. There is reasonably good 
agreement with the measured heat capacities, but there is a constant differ- 
ence between this entropy and the third law entropy (194), between 260 
and 380°K. This difference is not less than 0.25 e.u. and depends somewhat 
on a slight uncertainty in the moments as well as inconsistencies in the ex- 
perimental data. It suggests either a constant error in the experimental data 
or more likely a residual entropy in solid methyl alcohol (like that in water) 
at the absolute zero. 


STATISTICAL CALCULATIONS AND TABULATIONS OF DATA 


Values of the thermodynamic properties of Tz, HT (195), and TD (196), 
have been calculated by Jones. Bigeleisen (197) has calculated the ratios 
of the partition functions of tritium halides to those of the protium halides 
and therefrom calculated dissociation and exchange equilibria. Bigeleisen & 
Friedman (198) have investigated infrared spectra of isotopic nitrous 
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oxide molecules and from these calculated partition functions and equi- 
librium constants for the exchange reactions. The thermodynamic properties 
of He, O2, He and other simple molecules have been recalculated and tabu- 
lated to 5000°C. by Gratch (199, 200, 201) and others. 

A very convenient set of double entry tables of harmonic oscillator con- 
tributions to the thermodynamic functions has been calculated by Torking- 
ton (202) and is given in terms of the temperature and frequency. Tables 
of heat capacity, entropy, and the free energy function for methyl mercaptan 
and dimethyl sulfide have been calculated between 298.16 and 1500°K. 
Using these values and the heats of formation, free energies of formation of 
each have been calculated from 298.16 to 1500°K. from both gaseous and 
rhombic sulfur (203). Vibrational assignments have been made and thermo- 
dynamic functions calculated between 298.16 and 1500°K. for tetrachloro- 
ethylene (204). 

During the past year, Kelley (205) has revised and extended his compila- 
tion of heat capacities and entropies (at 298°K.) of inorganic elements and 
compounds. The current tabulation lists the properties of 800 inorganic 
materials. A recent publication of the National Nuclear Energy Series, 
edited by Quill (206), lists heat contents, entropy, free energy, and other 
thermodynamic properties of most of the elements and a large number of 
inorganic compounds to 2000°K. 

The thermodynamic properties of sulfur (207), SO. (208), and SO.-H,O 
(209) have been compiled and tabulated. 

Extensive tables of the free energies of formation of metallic chlorides 
and the free energy changes of many chlorination reactions over a wide 
temperature range have been prepared by Kellogg (210). 
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HETEROGENEOUS EQUILIBRIA AND 
PHASE DIAGRAMS' 


By W. N. Lacey AND B. H. SAGE 


Division of Chemistry and Chemical Engineering, California 
Institute of Technology, Pasadena, California 


Heterogeneous equilibria play an important part in many branches of 
chemical science and its applications in industry. Although studies of phase 
behavior have been made over a period of many years, much still remains 
to be accomplished before sufficient data are available so that dependable 
predictions can be made regarding systems theretofore unstudied. 

During each year, substantial progress is made, the type of investigations 
receiving most attention often changing as a result of the advent of some 
analytical or industrial chemistry procedure which utilizes phase separations. 
At an earlier time, for example, the industrial importance of the liquid-solid 
equilibrium and the nature of the solid phases appearing upon cooling of 
melts in the lime-alumina-silica system became apparent. As a result of the 
interest of the Portland cement and steel industries, intensive programs of 
research were undertaken in regard to that system and others closely related 
to it. The recent development of industrial interest in exacting separations 
of volatile components by fractional and azeotropic distillation, and of 
liquid components by countercurrent extractive processes has focused special 
attention on binary and ternary systems under conditions involving vapor- 
liquid equilibria. 

Despite temporary intensification of effort in certain parts of the research 
field, general interest in phase studies is sustained and efforts continue 
toward the objective of learning more about the complex phenomena en- 
countered. As a result of the breadth of this attack, the following review 
must touch upon a wide variety of subjects. 


ONE-COMPONENT SYSTEMS 


A detailed study of domain structures and phase transitions in barium 
titanate was made by Forsbergh (1). The domains result from twinning on 
a (101) plane of the tetragonal lattice, giving wedge-shaped laminas between 
converging twin planes, the amount of penetration of the wedge depending 
reversibly upon the electric field applied. Two phase transitions were studied, 
one at 5° and the other at —70°C. Between these temperatures, the crystal 
is orthorhombic, whereas below —70° it is trigonal. Measurements of the 
density and transition points of hexamethylethane were carried out by 
Seyer et al. (2) between 20° and 103.5°C. The transition temperatures were 
found to be 74.25° and 99.65°C., the existence of the two forms being ex- 
plainable in the same manner as for normal paraffin hydrocarbons. 


' The survey of the literature pertaining to this review was concluded in Decem- 
ber, 1950. 
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Solid-liquid equilibria in one-component systems are of interest, not 
only in mapping phase diagrams, but because they offer a most useful means 
of identifying substances. For determining the melting points of substances 
which decompose on melting, Kofler (3, 4) used a heated stage which pro- 
vided along its length a continuous variation of temperature from 270° to 
50°C. Nearly uniform temperature distribution along the stage was obtained 
by using two metals of different thermal conductivity with suitably designed 
shapes. Small amounts of the substance to be studied could be brought to 
known temperatures within a few seconds. Errors in temperature of not 
more than 2°C. are to be expected by this method. Rossini and co-workers 
(5) developed an apparatus for determining melting and freezing points at 
saturation pressure in the absence of air. A time-temperature curve was 
obtained. Experimental curves were obtained for 1,3-butadiene, isoprene, 
and ethyl mercaptan. 

The measurement of the vapor pressures of pure substances has received 
much attention. At low temperatures, the vapor pressure of pure liquid He® 
was determined by Abraham, Osborne & Weinstock (6) from 1.025° to the 
critical temperature at 3.35°K., and an accurate equation was developed to 
express the pressure as a function of temperature. The critical pressure was 
found to be 890+20 mm. Hg. Comparison of the calculated entropy value 
with that based upon the experimental results obtained by extrapolation 
to 0°K. showed a discrepancy which might indicate the presence of a triple 
point below 1°K. Friedman & White (7) measured the vapor pressure of 
liquid nitrogen from the boiling point to the critical state and found that 
the relation to temperature could be accurately expressed by a relatively 
simple equation. Their value of critical temperature was slightly higher than 
those of earlier workers and their value of critical pressure was lower. 

At higher temperatures, Parks & Moore (8) used the Knudsen effusion 
method to determine the vapor pressure of hexadecane and dodecylcyclo- 
hexane from 299° to 324°K. and derived equations to fit the data. The 
same method served Johnston and co-workers (9) in measuring the vapor 
pressure of B.O; from 1,300° to 1,650°K. No decomposition into noncon- 
densable products was found within this range. Because it was not known 
whether the gas phase consisted of BsO3 or BgO¢, the vapor pressure values 
were computed on both assumptions. Beattie & Marple (10) measured the 
vapor pressure of 1-butene from 30° to 125°C. and proposed an equation 
to describe the behavior found. The streaming method was used by Khun 
& Massini (11) to determine the vapor pressure and accommodation co- 
efficient for dichlorodiphenyltrichloroethane (DDT) between 40° and 90°C. 

Bent & Krinbill (12) described a method of determining the vapor pres- 
sure of a liquid by using with it another component with accurately known 
vapor pressure which forms regular solutions (13) with the first substance. 
The solution, of known composition, is vaporized to a small extent and the 
composition of the condensate is determined together with the total pressure 
and temperature. From these intensive properties, the vapor pressure may 
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be calculated. Results obtained by this method for diphenylether using 
bis-(2-chloroethyl) sulfide or mustard gas as the component of known 
vapor pressure were compared with values obtained by the dynamic method, 
which involves the determination of small values of extensive properties 
with consequent uncertainties. Discrepancies between the two sets of values 
were thought to result primarily from experimental error. By determining 
the rate of evaporation from the metal surface into a vacuum, Speiser, 
Johnston & Blackburn (14) measured the vapor pressure of solid chromium 
from 1,283° to 1,561°K. and found a linear relation between 1/T and log P. 

Efforts were made to develop more accurate equations relating vapor 
pressure and equilibrium temperature. Thodos (15) found that normal 
paraffin hydrocarbons from methane through n-dodecane followed in the 
lower pressure range a relationship of the form, log P=A+B(1/T)+C(1/T)?. 
At pressures above the point of divergence of behavior from this equation, 
the addition of a graphical residual served to give an agreement with meas- 
ured values within 0.2 per cent from triple point to critical state. Plank 
(16) proposed an expression for log P in terms of a constant, the logarithm 
of the temperature, and an additional term involving the reduced tem- 
perature; the last term approaches zero near the critical state. Tests were 
made against experimental values of vapor pressure for water, carbon 
dioxide, and ammonia. 

Interest in phase-behavior near the critical state has been shown for 
many years, both by experimental and by theoretical workers. Rice (17) 
discussed the possible forms of liquid-vapor coexistence curves for one- 
component systems and compared them with the case of liquid-liquid equi- 
librium in a binary system. On relating the association theory of condensa- 
tion to critical phenomena, indications were found of the possibility of a 
finite isobaric portion of the critical isotherm. He warned experimental 


workers that minor impurities may cause marked changes in critical be- 
havior. 


BINARY SYSTEMS 


Much effort was expended in the study of binary systems during the 
year 1950, a large part being directed to cases involving gas-liquid phase 
equilibria. Interest was shown in the use of thermodynamic relationships 
for testing the consistency of experimental results. The Tin Research Insti- 
tute published a handbook (18) reproducing equilibrium data for the alloys 
of tin thus far studied. The phase diagrams are clearly portrayed with a 
convenient co-ordinate network, ‘and bibliographies accompany them. 

The application of electrical conductivity methods to the study of alloys 
in the solid state was discussed by Grube (19). Measurements of this type 
offer opportunities to follow changes occurring in the solid alloys. Bokhovkin 
(20) used isothermal electrical conductivity measurements to study the 
liquid phase in melts in the silver nitrate-thallium nitrate system. The 
results were compared to those from isothermal measurements of specific 
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gravity and of viscosity. Although the specific gravity data gave no indica- 
tions of compound formation in the liquid, the conductivity showed a 
marked minimum at the composition of AgNO3:- TINO, and the viscosity 
showed a corresponding maximum value. With increase in temperature, the 
compositions corresponding to the minimum in conductivity shifted toward 
TINO; while the maximum in viscosity shifted toward AgNOs. In each case, 
the effect became less pronounced with increase in temperature as though 
increased dissociation occurred. 

Osborn and co-workers (21) studied equilibria in binary systems in- 
volving beryllium fluoride with the fluorides of lithium, sodium, and ru- 
bidium respectively. These systems follow the models of the zinc oxide-silica 
and the lime-silica systems except that no liquid immiscibility appears in 
the fluoride systems. This similarity of behavior may be helpful in gaining 
further knowledge of the refractory oxide systems. 

By using what experimental information could be found and drawing anal- 
ogies from similar systems, Nielsen (22) constructed phase diagrams for the 
titanium-carbon and titanium-nitrogen systems and estimated the probabili- 
ties that the various characteristics of these diagrams existed. Katz (23) 
investigated the equilibria between oxygen and the oxides of lead. Besides 
a pseudocubic solid solution phase and the phases PbO, PbOs, Pb3O,, a new 
phase having a composition corresponding to PbOj.s7 was found. Although 
it had been suggested earlier than the pseudocubic phase might have a 
definite composition, Katz found variations in the atomic ratio of oxygen 
to lead from 1.33 to 1.57 and could not reconcile its behavior with compound 
formation. When the solid solution was treated with boiling acetic acid, 
divalent lead was removed and the new phase mentioned above remained 
as a residue. It appeared that the pseudocubic phase may be characterized 
by the composition PbO.-xPbO in which x varies from 0.75 to 2. 

When sodium fluoride solutions of varying concentrations are added to 
yttrium chloride solution, a series of mixed crystals of B-NaYF, and YF; 
result. Hund (24) made density measurements and x-ray analyses, determin- 
ing the lattice constants of the varying mixed crystals. Up to 58 mole per 
cent YF; could be dissolved in the B-NaYF,, the lattice being extended with 
increasing content of YF;. The experimental densities and x-ray intensity 
values were compared with those calculated from the two possible struc- 
tures. A complete cation lattice was found with anions in the spaces. 

Several binary systems involving hydrocarbons of intermediate molecular 
weight were investigated by Klochko-Zhovnir (25) who found them all to 
have solid-liquid phase diagrams of the simplest type with a single eutectic. 
The systems studied and the eutectic states in each case were as follows: 
acenaphthene-fluoranthene, 66°C., 50 weight per cent of the first-named 
component; phenanthrene-fluoranthene, 76°C., 53 per cent; fluorene-fluoran- 
thene, 75.5°C., 43 per cent; naphthalene-phenanthrene, 54°C., 50 per cent. 

A simple method of determining the solubility of solids in liquefied gases 
which depended upon evaporation of the solvent and which gave results 
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rapidly but was only of limited precision was developed by Watt et al. (26). 
Measurements were made at 25°C. for sodium and rubidium chlorides in 
liquid ammonia and for sodium iodide, potassium bromide, and twelve 
alkaline earth halides in liquid sulfur dioxide. This method does not give 
the composition of the equilibrium solid phase, although some data may be 
obtained regarding the composition of solvates. 

It might be expected that extensive study would be made of binary 
systems involving water as a component. Investigating the sulfur trioxide- 
water system from 0 to 93.7 per cent SO;, Gable, Betz & Maron (27) found 
eight solid phases as follows: ice, HxSO4:6H20, H2SO4:-4H20, H2SO,4: 3H20, 
H2SO,4: 2H20, HeSO4: H2O, H2SOxu, and H.S2.O7, the trihydrate being un- 
reported by earlier workers. All solid phases except the hexahydrate and 
the trihydrate showed congruent melting points. Kubaschewski & Weber 
(28) studied mixtures of hydrogen peroxide and water up to 82.6 weight per 
cent hydrogen peroxide by density measurements and thermal analyses. 
This work served primarily to verify the earlier measurements of Maass 
and co-workers (29). This system contained a compound, H2O2: 2H2O, which 
melted at —50.5°C. Although solid solutions occurred at compositions near 
the two components, no evidence of others was found. The solid solution 
rich in water at a eutectic temperature of —53°C. contained 30 weight per 
cent hydrogen peroxide, whereas the solid solution rich in hydrogen peroxide 
at a eutectic temperature of —55°C. contained 14 weight per cent water. 

The solubilities of three salts in deuterium oxide were compared with 
those in water at 25°C by Chang & Hsieh (30). The ratios of solubility in 
deuterium oxide fo that in water were found to be 0.912 for KNOs, 0.793 
for KMnO,, and 0.972 for KCNS. An attempt was made by Secoy (31) to 
relate the critical temperatures of aqueous solutions of uni-univalent electro- 
lytes with their compositions. An equation was derived on the basis of the 
kinetic theory, making assumptions regarding the types of particles involved 
and their effective radii. The equation agreed with available data for solu- 
tions of sodium chloride, potassium chloride, potassium bromide, and potas- 
sium iodide. However, because of the assumptions made regarding quanti- 
tative factors, the agreement was taken primarily to indicate that kinetic 
theory considerations could be utilized in this way. 

A dynamic method of determining vapor-liquid equilibria in systems 
involving at least slightly volatile components was proposed by Failey and 
co-workers (32). The method involved the sequential injection of the liquid 
components at adjustable constant rates onto vaporizers in a stream of 
carrier gas, such as nitrogen. Although both components were admitted at 
constant rates, a by-pass between the points of admission permitted manipu- 
lation of the composition of the final mixture. This mixture was directed 
against a thermostated mirror and the composition adjusted until dew point 
was just reached on the mirror. The accuracy of knowledge of the composi- 
tion depended upon use of two flow-meters. Measurements were made with 
triethylene glycol and water. 








26 LACEY AND SAGE 


Cox & DeVries (33) determined the solubilities of solid ethane, ethylene, 
and propylene in liquid oxygen and found them to be less than those pre- 
dicted by the Hildebrand equation for regular solutions. The deviations were 
ascribed to the possible effect of intermolecular repulsions neglected by 
Hildebrand. However, the solubility of ethane in liquid nitrogen agreed 
with the equation. 

From measurements by O’Brien & King (34) of the partial pressure of 
hydrogen chloride from its solutions in ethylphenylether, butylphenylether, 
diphenylether, and m-nitrotoluene at two or more temperatures, solubilities 
were calculated. Further calculations of the partial molal entropy changes 
for solution gave results in agreement with the spectroscopic values available. 
Dissociation pressures; of copper pyridine nitrates were determined between 
23° and 50°C. by Mitra & Sinha (35) and pressure-composition isotherms 
were constructed. Three solid complexes were stable and gave reproducible, 
reversible dissociation pressures. They were Cu(NO3)2°6C;HsN, Cu(NOs)e 
-5C;H;N, and Cu(NO3)2:4CsHsN. At temperatures above 50°C., the nitrate 
served to oxidize the pyridine to some extent. 

The solubility of iodine in several organic solvents was studied by Hilde- 
brand and co-workers (36). The solubilities in 2,2-dimethylbutane, cyclo- 
hexane, ethyl alcohol, ethyl ether, and perfluoroheptane were all in agree- 
ment with those predicted from the internal pressures of the pure solvents. 
However, solvation in the cases of p-xylene and especially mesitylene caused 
increased solubility compared to that for regular solutions, the solubility 
being, nevertheless, in accordance with available spectroscopic measure- 
ments. 

The binary system bromine-tetramethylammonium bromide was investi- 
gated by Winogron et al. (37). Three compounds were found as follows: 
orange (CH3)4NBr- Bre melting congruently at 118.5°C., red (CH3)4NBr- Brg 
melting congruently at 56.7°C., and (CH3)sNBr- Br3. (approximately) with 
an incongruent melting point at 5.25°C. Eutectic states were found at 
69.9 M per cent bromine and 15.8°C., and at 99.7 M per cent bromine and 
—7.5°C. Measurements were also made of the solubility of these com- 
ponents in water. 

A knowledge of the solubility of hydrocarbon gases in water is desirable 
in connection with the manipulation of fluids in underground petroleum 
reservoirs. McKetta and co-workers (38) measured the solubility of ethane 
in water for equilibrium pressures up to 80 atm. from 100° to 340°F. The 
solubilities found ranged from 10-4 to 10-* mole fraction. At a pressure of 
20 atm. a minimum in solubility was found near 200°F., whereas at 300°F. 
there was a maximum in solubility. 

The propene:1-butene system was studied by Sage and co-workers 
(39, 40) who determined the compositions of the co-existing liquid and gas 
phases from 40° to 280°F. at pressures from the vapor pressure of 1-butene 
to the critical pressure. Values of the equilibrium ratios (ratio of mole 
fraction of a component in the gas phase to that of the same component 
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in the coexisting liquid phase) for this system were presented. Corresponding 
values of fugacities of the components were calculated and comparison of 
the observed gas-liquid phase behavior with that predicted from the Gibbs- 
Duhem equation on the assumption of a combination of Raoult’s and Dal- 
ton’s laws and of ideal solutions showed the latter type of behavior to be 
much more nearly descriptive of the experimental results. Similar studies 
of the methane-propane (41) and propane-benzene (42) systems were re- 
ported by Sage and others. In these cases also, the behavior was more nearly 
in accordance with that of ideal solutions than with predictions based upon 
Raoult’s law. 

Lafferty et al. (43) investigated the solubility of the solid polymer of 
chlorotrifluoroethylene (fluorothene) in several solvents. Two liquid phases 
were encountered in the systems involving the plastic and either dibutyl- 
phthalate or dibutylsebacate. However, a liquid polymer of the same sub- 
stance proved to be a good solvent since it formed only a single liquid phase 
and showed a nearly linear increase in solubility with rise in temperature. 

In studying the phase equilibria of binary systems consisting of mod- 
erately volatile components, a number of experimental methods and types 
of apparatus have been devised. One of the prevailing methods utilizes some 
form of equilibrium still whereby, after a period of operation sufficient to 
establish steady state conditions at a predetermined pressure, a small 
amount of condensate formed without reflux is available for sampling. 
Determinations are made of the temperature in the still and of the composi- 
tions of this condensate and of the liquid phase in the boiling section of the 
still. Numerous designs of such stills have been proposed. Schafer & Stage 
(44) discussed the merits of apparatus proposed by Jones, Schoenborn & 
Colburn, and Rosanoff, Othmer, Stage, Gillespie, and one by Colburn, 
Schoenborn & Shilling for partly miscible liquids. The Othmer and Gillespie 
designs have been used in many current investigations. Rieder & Thompson 
(45) proposed a modification of the Gillespie still in which the condensate 
trap was decreased in volume to one-third or one-quarter of that for the 
original still. It was claimed that this served to attain equilibrium in a 
shorter time without sacrifice in accuracy of the results. 

Another method for accomplishing similar studies consists of holding 
the liquid phase of known composition at a constant predetermined tem- 
perature and varying the pressure until boiling begins. Because no determina- 
tion of the composition of the gas phase is made, the method depends upon 
the ability to calculate activity coefficients for the components from the 
data obtained and is most useful for pairs of components which differ widely 
in volatility. Pearce & Gerster (46) used this method to study the furfural- 
water system at 100°, 150°, and 200°F. The system is characterized by 
limited solubilities of each component in the other and wide deviations from 
ideal mixtures. Furfural dissolves in water at 100°F. to the extent of approxi- 
mately 2 A/ per cent, while water dissolves in furfural up to 27 M per cent. 
Various equations were tested for expressing the activity coefficients. 
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Separate sets of three-suffix van Laar equations for the two ends of the 
composition range gave the best fit of the experimental results, whereas a 
single pair of four-suffix van Laar equations gave reasonably good agreement 
over the whole composition range. 

A third general method was tested by Feller & McDonald (47) for the 
methanol-benzene system against results available in the literature. The 
method as used by these authors was limited to systems of small volatility 
at room temperature because the addition of the sample to the apparatus 
was carried out in contact with the atmosphere, and a deaeration step was 
provided to remove dissolved air. The techniques proposed were simple and 
convenient, but refinements in them would improve the accuracy of the 
method. A liquid mixture of the two components having a known composi- 
tion was injected into a graduated glass variable-volume chamber with 
mercury surface piston. The volume was increased to cause partial vaporiza- 
tion and then reduced again, any remaining gas bubble being forced out 
before finally closing off the sample. At a constant temperature and constant 
total composition, the volume was systematically changed and simultaneous 
volume and pressure readings were plotted. The bubble-point and dew-point 
pressures for the mixture of known composition and temperature were de- 
termined from the break points in the pressure-volume curve. The process 
was repeated with the same mixture for as many different temperatures as 
desired. The results obtained agreed with earlier values within the accuracy 
to be expected from the simple methods of handling samples and ensuring 
equilibrium. This method has the advantage of using small samples and 
requiring no sampling or analysis of coexisting phases. It is the same in 
principle as that used by other experimenters at higher pressures than 
atmospheric; for example, Sage and co-workers (41) used it at pressures up 
to 700 atm. and avoided some uncertainties such as air contamination and 
inadequate mixing. 

According to the considerations presented by Hildebrand, the ethylene 
oxide-acetaldehyde system should have nearly ideal behavior, whereas this 
should not be true for the ethylene oxide-water system. Coles & Popper (48) 
studied these systems, which are of interest in connection with the manu- 
facture of ethylene oxide. The work was done primarily at atmospheric 
pressure using the Othmer still. Both theoretical predictions were borne out, 
the ethylene oxide-water system having high positive activity coefficients 
for both components. Minimum boiling azeotropes were found by Steingiser 
et al. (49) in the water-2-methyl-3-butyn-2-ol and water-3-hydroxy-3- 
methyl-2-butanone systems, using the Othmer still. 

Simons and co-workers (50) used the Othmer still to study the trichloro- 
ethylene-tetrachloroethylene system and the ethylphenylacetate-ethyl-a- 
phenylbutyrate system at pressures from 47 to 760 mm. Hg. The vapor 
pressures of the components of the second system were also measured. 
Both systems deviated but slightly from Raoult’s law behavior. This was 
also found to be true of the tetradecane-hexadecene system by Rasmussen 








HETEROGENEOUS EQUILIBRIA 29 


& Van Winkle (51) using a Colburn-type still for pressures from 10 to 760 
mm. Hg. 

Fifteen binary hydrocarbon systems consisting of hydrocarbons of from 
6 to 8 carbon atoms, paired in each case from different series, were investi- 
gated by Sieg (52) using Othmer and Scatchard types of apparatus. The 
benzene-n-heptane system was studied at a pressure of 760 mm. Hg and 
also at several lower pressures, whereas all others were limited to 760 mm. 
Hg. Minimum boiling points were found in the benzene-2,2,3-trimethyl- 
butane and benzene-cyclohexane systems. 

The components of the ethylene chlorohydrin-cyclohexane system were 
found by Jasper & Pohrt (53) to show moderate positive deviations from 
Raoult’s law. A minimum boiling azeotrope occurred with a boiling point 
only 12°C. above the critical solution temperature of the two immiscible 
liquids found at lower temperatures. The pyridine-acetic anhydride system 
studied by Nelson & Markham (54) proved to be much simpler, following 
Raoult’s law closely. 

Two-component systems forming immiscible liquid phases offer an oppor- 
tunity for study of conditions existing near the critical temperature. Zimm 
(55) made light scattering measurements between the critical point of the 
perfluoromethylcyclohexane-carbon tetrachloride system and the tempera- 
ture at which two distinct phases appeared. No second order transition such 
as that predicted by Mayer (56, 57) was found. Another method was used 
by Atack & Schneider (58) in connection with the ethane-1-chloro-4-iodo- 
benzene system. The latter component was prepared with radioactive iodine 
atoms in the molecule, and these were used to ascertain the concentration 
of the component at different heights in the mixture near the critical tem- 
perature. Solubility gradients were found at temperatures up to 0.2°C. above 
the critical dispersion temperature. After active stirring had destroyed the 
gradients, they quickly reformed when the stirring ceased. The concentration 
gradient flattened out with respect to height slightly below the meniscus 
which was taken as a possible indication of the clustering of molecules at 
that point. 

Much attention has been paid to the problem of calculating phase be- 
havior in liquid-gas systems on the basis of thermodynamic relations. Most 
of the equations derived for this purpose are based directly or indirectly 
upon the equality of chemical potential for a given component between the 
coexisting phases under isothermal, isobaric conditions. The rigorous rela- 
tions so derived are complicated and unwieldy of practical application. 
Various workers in the field have carried out integrations of the differential 
equations on the basis of simplifying assumptions of different sorts and have 
obtained usable equations. These equations are often used to test experi- 
mental results relating to phase behavior and presumably may be used to 
predict missing data from those which are available. However, it should be 
kept in mind that data for regions of behavior which do not fit the under- 
lying assumptions would not be expected to conform to the equations. 
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Orlicek (59, 60) approached the problem of prediction in binary systems 
by graphical integration of the Duhem-Margules equation using total pres- 
sure data as a starting point. The method required no assumption of a 
functional relation between activity coefficients and composition and was 
proposed as being especially suited to systems showing marked deviation 
from ideal behavior. Wall & Stent (61) and Haase (62) developed generalized 
equations for equilibrium conditions utilizing the van der Waals equation of 
state in modified form. The method permitted quantitative prediction of 
azeotropes and partial miscibility. Wood (63) assumed the activity co- 
efficient to be a function only of the temperature and adapted the method 
proposed earlier by Scatchard (64) to the prediction of the isobaric boiling 
point diagram from vapor pressure data. The resulting method was tested 
on the case of the benzene-methanol system for which data were available. 
It was suitable for extension to ternary systems. Othmer and co-workers (65) 
based a method upon use of relative volatilities for determining activity 
coefficients. Graphical evaluation from experimental data of the constants 
of a power series expression for relative volatility could be accomplished 
with satisfactory accuracy. Transformations were developed from these 
data to the corresponding coefficients of the activity coefficient series. 
Transformation was also possible from the coefficients of one component 
to those of the other. 


TERNARY SYSTEMS 


The complete study of the behavior of a ternary system over a wide 
range of conditions is a task of great magnitude, and cases in which full 
information is available are rare. Nevertheless, many studies have been 
made over limited regions of specific interest, and current activity in this 
direction is relatively great. A comprehensive listing of ternary and quater- 
nary systems for which data are available has been compiled by Smith (66, 
67). 

The oxygen activity over melts at 1,600°C. of the calcium oxide-ferrous 
oxide-ferric oxide system was determined by Gurry & Darken (68) by bring- 
ing the melts to equilibrium with atmospheres of varying composition and 
analyzing the resulting melts. Tentative equilibrium diagrams for 1,600°C. 
for this ternary system and for the silica-ferrous oxide-ferric oxide system 
were presented. Jollivet (69) investigated the solid phases near the eutectic 
in the lead-antimony-sodium system. When the liquid contained less than 
1.7 atom per cent antimony, the solid phase was Na3Sb, whereas NaSb was 
the solid phase with higher antimony content of the liquid. In the lead- 
arsenic-sodium system, the compound NaAs was found as the solid phase 
near the binary eutectic. The eutectic temperatures in these systems were 
approximately 325°C. 

Numerous investigations of ternary systems of which water is one com- 
ponent were carried out. Haendler & Jache (70) found the system ammonium 
fluoride-potassium fluoride-water at 25°C. to be simple, no double salts 
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were formed and the solid phases were NH4F, KF, and KF: 2H,0. The vapor 
pressure was determined by Dingemans & Dijkgraaf (71) for four-phase 
states from 10° to 150°C. in the lead nitrate-sodium nitrate-water system. 
The solid phases were Pb( NO 3). and NaNO3. The vapor pressure expressed 
as a fraction of that for pure water at the same temperature was described 
by a quadratic function of the temperature. Collet (72) studied at 20°C. 
various ternary systems involving water and potassium and aluminum 
selenates and sulfates. 

Baker, Jue & Wills (73, 74, 75) investigated the sodium oxide-silica-water 
system. Between 10° and 31°C., the stable solid phases included hydrates 
of NaeSiO; having 5, 6, 8, and 9 molecules of water, respectively, together 
with NasHSiO, with 5 and possibly 2 molecules of water. At temperatures of 
50°, 70°, and 90°C., a number of metastable equilibrium curves were found 
and as many as 12 solid phases were identified. The calcium nitrate-am- 
monium nitrate-water system was studied at five temperatures between 
0° and 40°C. by Lamberger & Paris (76) who found regions of metastability 
above 10°C. The double salts, NH4NO 3: 5Ca(NOs3)2- 10H2O and NH4NQ3- Ca- 
(NOs)2.-2H.O were identified. 

Several investigators worked with ternary systems involving water, an 
inorganic salt, and an organic component. Vener & Thompson (77) deter- 
mined solubility and density isotherms from 25° to 75°C. in the system con- 
sisting of water, sodium sulfate, and ethanol. With more than 20 per cent 
ethanol present in the system, the solubility of anhydrous sodium sulfate 
increases with rise in temperature. The same authors (78) studied the system 
water-sodium sulfate-ethylene glycol from 25° to 100°C. As in the case of the 
analogous system, only one liquid phase was found. Throughout a consider- 
able intermediate range of glycol-water ratio, the solubility of anhydrous 
sodium sulfate remained almost constant with change in temperature. 
The transition temperature from the decahydrate to the anhydrous form of 
sodium sulfate was markedly lowered with increasing percentage of glycol. 
A case in which the addition of a salt to a mixture of volatile components 
changes their relative volatility is illustrated in the work of Rieder & 
Thompson (79) with water-ethanol mixtures saturated with potassium 
nitrate in which marked changes in relative volatility occurred at low alcohol 
concentrations. A reversal in relative volatility was found by Garwin & 
Hutchison (80) in the liquid phase of the water-acetic acid-calcium chloride 
system. 

In the water-n-hexanol-aluminum nitrate system, Templeton (81) found 
that additional Al( NOs3)3 increased the activity of water in the alcohol-rich 
liquid, thus causing a decrease in water percentage in that phase. On the 
other hand, the small percentage of alcohol found in the water-rich liquid 
phase was relatively little affected. 

The water-potassium bromide-urea system was investigated by Bokhov- 
kin & Bokhovkina (82). A ternary eutectic occurred at 51.1 weight per cent 
water, 24.3 per cent potassium bromide, and 24.6 per cent urea at a temper- 
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ature of —20.8°C. Six solid phase regions were located, the phases being ice, 
a- and @-potassium bromide, a- B-, and y-urea. Addition of about 20 per 
cent potassium bromide lowers the transition point of a- to B-urea from 10° 
to —18°C. and that of B- to y-urea from 22° to —20°C., whereas the addition 
of 30 per cent urea lowers the transition of a- to B-potassium bromide from 
10° to —18°C. 

Among the ternary systems containing water and two organic com- 
ponents recently studied was the water-o-xylene sulfonate-benzoic acid sys- 
tem investigated by Licht & Wiener (83) who found that increasing xylene 
sulfonate up to its saturation composition caused marked increase of solu- 
bility of benzoic acid. This effect was still further increased with rise in 
temperature within the range studied from 30° to 60°C. Desai etal. (84) 
measured the solubility in water-methanol liquids of phenol, p-cresol, 2- 
naphthol, -tert-butylphenol, methylnaphthalene, hexadecane, 2,2,4-tri- 
methylpentane. All of these components are found in coal tars, and the results 
have a bearing upon the possibilities of solvent extraction of some of the 
constituents. Methanol distribution ratios were obtained in water-nitro- 
benzene mixtures by Wittenberger (85). 

Investigations of ternary systems with all components organic include 
work by Kravchenko (86) at low temperatures on the heptane-octane- 
decane system and the subsidiary binary systems. Both the heptane-octane 
and octane-decane systems showed single eutectics with very limited solu- 
bility in each of the solid phases. The heptane-decane system has a eutectic 
very close to pure heptane. A ternary eutectic point was found at 85 per cent 
heptane, 12.2 per cent octane, and 2.8 per cent decane at —93.3°C. Stein- 
hauser & White (87) obtained data for the methylethylketone-heptane- 
toluene system at atmospheric pressure by use of the Othmer still. The binary 
systems were also studied in this case. The Gibbs-Duhem equation was used 
to check thermodynamic consistency of the data on the basis that the temper- 
atures involved varied over only a small range and that the gas phase fol- 
lowed ideal behavior. The validity of these assumptions for this case was 
reasonably well borne out by the results. 


MULTICOMPONENT SYSTEMS 


As stated in the preceding section, Smith (66, 67) compiled a listing of 
some 16 four-component systems for which some data were available. Be- 
cause of the magnitude of the undertaking involved in the study of a quater- 
nary system or one with still more components, the information about them 
is necessarily fragmentary. Jollivet (69) investigated limited regions in the 
lead-antimony-zinc-sodium and lead-bismuth-magnesium-potassium sys- 
tems, the compound Kg MggeBi; being found as a solid phase in the latter case. 

One of the problems met in working with quaternary systems is the quan- 
titative graphical representation of the experimental data. Tanaka (88) 
proposed a method of projecting three-dimensional, isothermal, isobaric 
diagrams onto each of two adjacent biaxial planes. Compositions were ex- 
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pressed in terms of amounts of each of three components per fixed amount 
of the fourth. Crystallization processes could be followed on the diagrams. 
The method covered the case of reciprocal salt pairs satisfactorily. Brancker 
(89) presented a method of constructing tetrahedral equilibrium diagrams 
and of determining the composition of quaternary phases for four liquid 
components by using knowledge of tie lines in the constituent ternary sys- 
tems. The method was tested upon the acetone-acetaldehyde-viny| acetate- 
water system. Klemm (90) also proposed a tetrahedral diagram for temper- 
ature-concentration relations in quaternary systems using the center of the 
tetrahedron as the origin. Sayre (91) described a two-dimensional quater- 
nary phase diagram constructed by superimposing two projections of differ- 
ent types onto a single plane. The isobaric, isothermal equilibrium surfaces 
for the system on a tetrahedral Schreinemakers figure were projected orthog- 
onally onto its base plane. They were also projected onto the same plane 
by the method of Jaenecke, i.e., projecting equilibrium points radially along 
lines through the solvent apex of the tetrahedron. The two projections are 
superimposed in such a way that the ratio of the distance of an orthogonally 
projected point from the center of the plane diagram to the corresponding 
distance for the radially projected point is equal to the mole fraction of sol- 
vent present in the mixture for the state in question. Any corresponding pair 
of points on the planar diagram then describes the composition of the mix- 
ture in terms of all four components. 

Hunter and coauthors (92) proposed a graphical method of treating the 
isothermal, isobaric behavior of quaternary systems with only one partially 
miscible pair of components. Cartesian coordinates were used, and it was 
proposed that the quaternary behavior be predicted from a knowledge of 
the two partially-miscible ternary systems involved. Dahl (93) described 
methods for developing parametric equations from which could be calculated 
the proportions of the phases present at a given state of a quaternary system. 
The consideration was limited to the case in which the descriptive equations 
were linear with respect to the parameters selected. 

Some limited investigations of quinary systems have been reported 
recently. Eubank (94) carried out equilibrium experiments on the high- 
lime portion of the sodium oxide-calcium oxide-aluminum oxide-ferric oxide- 
silica system, which is of especial interest to the Portland cement and steel 
industries. From the experimental data, the quinary invariant point was 
determined as occurring at a temperature of 1,310°C. with Na,O-8CaO- 
3A1,03, 3CaO-Al.03, Fe2O3-containing solid solution, 2CaO-SiO2, 3CaO-SiO, 
and a liquid phase present at equilibrium. 

An isothermal diagram at 50°C. was constructed by Itkina (95) for the 
sodium sulfate-sodium carbonate-sodium chloride-sodium hydroxide-water 
system, partially from new investigations and partly based upon available 
data. On the assumption of ideal solution behavior, Kravchenko (96) made 
calculations for the hexane-heptane-octane-nonane-decane system, setting 
up equations relating to the 10 binary systems, 10 ternary systems, and 5 
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quaternary systems. The temperature and composition for the quinary 
eutectic were also obtained. 

Systems with more components than five offer such complexity, both of 
experimentation and of quantitative interpretation, that it is unlikely that 
much information regarding them will be developed except on the basis of 
simplifications made for convenience. Petroleum is an example of such a 
complex multicomponent system, and the most feasible method of consider- 
ing its behavior is to treat it as a system made up of a limited number of 
the hydrocarbons of lowest molecular weight present and a composite 
constituent consisting of all the higher molecular weight material in the 
proportions present in a particular sample of oil. Even the identification of 
such a “‘constituent”’ is difficult and necessarily inadequate, depending upon 
simple physical property measurements and some form of characterization 
factor. Further uncertainties are brought about because such a material 
does not behave strictly as a single component would, particularly in regions 
of behavior near the critical state of the mixture, regions of practical interest 
to the petroleum industry in dealing with the fluids in underground reser- 
voirs at high pressure and temperature. 


LITERATURE CITED 

1. Forsbergh, P. W., Jr., Phys. Rev., 76, 1187-1201 (1949) 

2. Seyer, W. F., Bennett, R. B., and Williams, F. C., J. Am. Chem. Soc., 71, 3447-51 
(1949) 

3. Kofler, L., Chem.-Ing.-Tech., 22, 289-90 (1950) 

4. Kofler, L., and Sitte, H., Monatsh., 81, 619-26 (1950 

5. Glasgow, A. R., Jr., Krouskop, N. F., and Rossini, F. D., Anal. Chem., 22, 1521 
24 (1950) 

6. Abraham, B. M., Osborne, D. W., and Weinstock, B., Phys. Rev., 80, 366-71 
(1950) 

7. Friedman, A. S., and White, D., J. Am. Chem. Soc., 72, 3931-32 (1950) 

8. Parks, G. S., and Moore, G. E., J. Chem. Phys., 17, 1151-53 (1949) 

9. Speiser, R., Naiditch, S., and Johnston, H. L., J. Am. Chem. Soc., 72, 2578-80 
(1950) 

10. Beattie, J. A., and Marple, S., Jr., J. Am. Chem. Soc., 72, 1449-52 (1950) 

11. Khun, W., and Massini, P., Helv. Chim. Acta, 32, 1530-42 (1949) 

12. Bent, H. E., and Krinbill, C. A., Jr., J. Am. Chem. Soc., 72, 2757-60 (1950) 

13. Hildebrand, J. H., J. Am. Chem. Soc., 51, 66-80 (1929) 

14. Speiser, R., Johnston, H. L., and Blackburn, P., J. Am. Chem. Soc., 72, 4142-43 
(1950) 

15. Thodos, G., Ind. Eng. Chem., 42, 1514-26 (1950) 

16. Plank, R., Chem.-Ing.-Tech., 22, 433-36 (1950) 

17. Rice, O. K., J. Phys. & Colloid Chem., 54, 1293-1305 (1950) 

18. Equilibrium Data for Tin Alloys (Tin Research Institute, Columbus 1, Ohio) 

19. Grube, G., Z. Elektrochem., 54, 99-107 (1950) 

20. Bokhovkin, I. I., Zhur. Obshchet Khim., 19, 805-11 (1949) 

21. Roy, D. M., Roy, R., and Osborn, E. F., J. Am. Ceram. Soc., 33, 84-90 (1950) 








39. 
40. 
41. 


= 


44. 
45. 
46. 
47. 


. Coles, K. F., and Popper, F., Ind. Eng. Chem., 42, 1434-38 (1950) 
49. 


yu 
=~ 


51. 
oa. 
53. 
54. 
55. 
56. 


HETEROGENEOUS EQUILIBRIA 35 


. Nielsen, J. P., Rept. Titanium Symposium, 1948, 153-57 (Office of Naval Research, 


Washington, D. C., 1949) 


. Katz, T., Ann. chim., 5, 5-65 (1950) 

. Hund, F., Z. anorg. Chem., 263, 102-11 (1950) 

. Klochko-Zhovnir, T. F., J. Applied Chem. (U.S.S.R.), 22, 848-52 (1949) 

. Watt, G. W., Jenkins, W. A., and Robertson, C. V., Anal. Chem., 22, 330-31 


(1950) 


. Gable, C. M., Betz, H. F., and Maron, S. H., J. Am. Chem. Soc., 72, 1445-48 


(1950) 


. Kubaschewski, O., and Weber, W., Z. Elektrochem., 54, 200-4 (1950) 

. Giguere, P. A., and Maass, O., Can. J. Research [B]18, 181-93 (1940) 

30. Chang, T. L., and Hsieh, Y. Y., J. Chinese Chem. Soc., 16, 65-71 (1949) 

. Secoy, C. H., J. Phys. & Colloid Chem., 54, 1337-46 (1950) 

. Wise, H., Puck, T. T., and Failey, C. F., J. Phys. & Colloid Chem., 54, 734-41 


(1950) 


. Cox, A. L., and DeVries, T., J. Phys. & Colloid Chem., 54, 665-70 (1950) 

. O'Brien, S. J., and King, C. V., J. Am. Chem. Soc., 71, 3632-34 (1949) 

. Mitra, N. G., and Sinha, P. C., J. Indian Chem. Soc., 27, 29-33 (1950) 

. Hildebrand, J. H., Benesi, H. A., and Mower, L. M., J. Am. Chem. Soc., 72, 


1017-20 (1950) 


. Bloch, R., Farkas, L., Schnerb, J., and Winogron, F., J. Phys. & Colloid Chem., 


53, 1117-25 (1949) 


. Culberson, O. L., Horn, A. B., and McKetta, J. J., Jr., Trans. Am. Inst. Mining 


Met. Engrs., Petroleum Development and Technol., Petroleum Div., 189, 1-6 
(1950) 
Goff, G. H., Farrington, P. S., and Sage, B. H., Ind. Eng. Chem., 42, 735-43 (1950) 
Sage, B. H., and Lacey, W. N., Petroleum Refiner, 29 (Oct), 123-27 (1950) 
Reamer, H. H., Sage, B. H., and Lacey, W. N., Ind. Eng. Chem., 42, 534-39, 
1258 (1950) 


. Glanville, J. W., Sage, B. H., and Lacey, W. N., Ind. Eng. Chem., 42, 508-13 


(1950) 


. McHenry, R. E., Frey, S. E., Gibson, J. D., and Lafferty, R. H., Jr., Ind. Eng. 


Chem., 42, 2317-19 (1950) 
Schafer, W., and Stage, H., Chem.-Ing.-Tech., 21, 418-21 (1949) 
Rieder, R. M., and Thompson, A. R., Ind. Eng. Chem., 41, 2905-8 (1949) 
Pearce, E. J., and Gerster, J. A., Ind. Eng. Chem., 42, 1418-24 (1950) 
Feller, M., and McDonald, H. J., Anal. Chem., 22, 338-40 (1950) 


Conner, A. Z., Elving, P. J., Benischeck, J., Tobias, P. E., and Steingiser, S., 
Ind. Eng. Chem., 42, 106-10 (1950) 


50. Bachman, K. C., Zimmerli, A., and Simons, E. L., Ind. Eng. Chem., 42, 2569-71 


(1950) 
Rasmussen, R. R., and Van Winkle, M., Ind. Eng. Chem., 42, 2121-24 (1950) 
Sieg, L., Chem.-Ing.-Tech., 22, 322-26 (1950) 
Jasper, J. J., and Pohrt, H. E., J. Chem. Education, 26, 485-88 (1949) 
Nelson, P. A., and Markham, A. E., J. Am. Chem. Soc., 72, 2417-18 (1950) 
Zimm, B. H., J. Phys. & Colloid Chem., 54, 1306-17 (1950) 
Mayer, J. E., J. Chem. Phys., 5, 67-73 (1937) 





36 


5. 
59. 
60. 


61. 
62. 


64. 


LACEY AND SAGE 
McMillan, W. G., Jr., and Mayer, J. E., J. Chem. Phys., 13, 276-305 (1945) 


. Atack, D., and Schneider, W. G., J. Phys. & Colloid Chem., 54, 1323-36 (1950) 


Orlicek, A. F., Wien. Chem. Zt., 50, 86-88 (1949) 

Nowotny, H., and Orlicek, A. F., Monatsh., 81, 791-97 (1950) 
Wall, F. T., and Stent, G. S., J. Chem. Phys., 17, 1112-16 (1949) 
Haase, R., Z. physik. Chem., 194, 217-36 (1950) 


. Wood, S. E., Ind. Eng. Chem., 42, 660-64 (1950) 


Scatchard, A., Wood, S. E., and Mochel, J. M., J. Am. Chem. Soc., 61, 3206-10 
(1939) 


. Gilmont, R., Weinman, E. A., Kramer, F., Miller, E., Hashmall, F., and Othmer, 


D. F., Ind. Eng. Chem., 42, 120-26 (1950) 


. Smith, J. C., Ind. Eng. Chem., 41, 2932-37 (1949) 

. Smith, J. C., Ind. Eng. Chem., 42, 1438 (1950) 

. Gurry, R. W., and Darken, L. S., J. Am. Chem. Soc., '72, 3906-10 (1950) 

. Jollivet, L., Compt. rend., 228, 1495-97 (1949) 

. Haendler, H. M., and Jache, A. W., J. Am. Chem. Soc., '72, 4137-38 (1950) 

. Dingemans, P., and Dijkgraaf, L. L., Rec. trav. chim., 68, 721-24 (1949) 

. Collet, H., Compt. rend., 228, 1492-94 (1949) 

. Baker, C. L., and Jue, L. R., J. Phys. & Colloid Chem., 54, 299-304 (1950) 

. Wills, J. H., J. Phys. & Colloid Chem., 54, 304-10 (1950) 

. Baker, C. L., Jue, L. R., and Wills, J. H., J. Am. Chem. Soc., 72, 5369-82 (1950) 
. Lamberger, J., and Paris, R., Bull. soc. chim France [5]17, 546-52 (1950) 

. Vener, R. E., and Thompson, A. R., Ind. Eng. Chem., 42, 171-74 (1950) 

. Vener, R. E., and Thompson, A. R., Ind. Eng. Chem., 41, 2242-47 (1949) 

. Rieder, R. M., and Thompson, A. R., Ind. Eng. Chem., 42, 379-82 (1950) 

. Garwin, L., and Hutchison, K. E., Ind. Eng. Chem., 42, 727-30 (1950) 

. Templeton, C. C., J. Phys. & Colloid Chem., 54, 1255-69 (1950) 

. Bokhovkin, I. M., and Bokhovkina, Y. I., J. Gen. Chem. (U.S.S.R.), 19, 993-96 


(1949) 


. Licht, W., Jr., and Wiener, L. D., Ind. Eng. Cheni., 42, 1538-42 (1950) 
. Prutton, C. F., Walsh, T. J., and Desai, A. M., Ind. Eng. Chem., 42, 1210-17 


(1950) 


. Wittenberger, W., Angew. Chem., 61, 412 (1949) 

. Kravchenko, V. M., J. Applied Chem. (U.S.S.R.), 22, 491-98 (1949) 

. Steinhauser, H. H., and White, R. R., Ind. Eng. Chem., 41, 2912-20 (1949) 

. Tanaka, Y., Bull. Chem. Soc. Japan, 23, 11-13 (1950) 

. Brancker, A. V., Nature, 166, 960-61 (1950) 

. Klemm, H., Arch. Metallkunde, 3, 247-50 (1949) 

. Sayre, E. V., J. Am. Chem. Soc., 71, 3284-88 (1949) 

. Cruickshank, A. J. B., Haertsch, N., and Hunter, T. G., Ind. Eng. Chem., 42, 


2154-58 (1950) 


. Dahl, L. A., J. Phys. & Colloid Chem., 54, 547-64 (1950) 

. Eubank, W. R., J. Research Natl. Bur. Standards, 44, 175-92 (1950) 
. Itkina, L. S., J. Applied Chem. (U.S.S.R.), 22, 278-89 (1949) 

. Kravchenko, V. M., J. Applied Chem. (U.S.S.R.), 22, 319-33 (1949) 











SOLUTIONS OF ELECTROLYTES 


By HERBERT S. HARNED 
Department of Chemistry, Yale University, New Haven, Connecticut 


In this review, an unorthodox procedure has been adopted. We shall 
employ a summary of some very general conclusions derived from the theory 
of simultaneous irreversible processes as a logical background for the clas- 
sification of the dynamic and static properties of electrolytic solutions. This 
procedure has distinct advantages since through it, particular contributions 
acquire a significance relative to the general avenues of advance in the field. 
It is our hope in the sequel that the didactic value of such a method of 
approach will contribute something more than a mere compilation of ab- 
stracts of recent contributions. 


THEORETICAL CONSIDERATIONS 


FUNDAMENTAL CONCLUSIONS FROM THE PHENOMENOLOGICAL THEORY 
OF SIMULTANEOUS IRREVERSIBLE PROCESSES 


Imagine a vertical glass tube filled with a sodium chloride solution and 
containing two identical silver-silver chloride electrodes reversible to the 
chloride ion placed at the top and bottom of the tube. Let a temperature 
gradient be established through this solution and connect the electrodes 
through a suitable resistance. There results a simultaneous flow of heat, 
matter, and electricity. If the cause of the temperature gradient be removed, 
the whole system will approach a state of equilibrium in which no bulk 
motion will occur. 

By the application of the “principle of microscopic reversibility’’ to 
fluctuations (displacements) from the state of equilibrium, Onsager (1) was 
able to establish certain fundamental relationships for systems in which 
simultaneous irreversible processes are taking place. By utilizing the equa- 
tion of Boltzmann which relates the entropy, S, with the probability, W, 


S = k log W + constant, I 


and by examining fluctuations which determine the space displacements of 
heat, electricity, and matter, Onsager identified the gradients related to the 
forces which cause the relative motions of the particles of the system and 
derived relations between these forces and the flows (quantities of heat, 
electricity, and matter moving in unit time at a given position in the solu- 
tion). It is not difficult to see that the forces, X; and X:, which cause the 
flow of heat and electricity will be proportional to gradients of the tempera- 
ture and electrical potential, VT and Vy, respectively. The third force, Xs, 
which is always partly responsible for the flow of matter when a gradient 


' The survey of the literature pertaining to this review was concluded in December, 
1950. 
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of concentration exists, is proportional to the gradient of the chemical po- 
tential of component, Vu. This important result, first suggested by Hartley 
(2), is a necessary consequence of the application of the equation 


ss-+t@e-s1)-“s il 
6S = 7 GE 6A) T m 


which must be employed to account for the fluctuations of entropy from a 
state of equilibrium. 

From these premises, it follows that all of these ‘‘forces’’ are responsible 
for each of the flows, Ji, Je, and J; of heat, electricity, and matter. Thus, 
Ji = LnX + LeXe + LX; 

Jz = InXi + ImX2 + [Xs Itt 
J3 = 1X, + LyX. + 1X; 


in which Liz's are coefficients of thermal, electrical, and material conduc- 
tivity. These coefficients are not all independent, for it follows from the 
theory that the reciprocal relations, 


Lik = Lei; Ly = Ln, Ls = Lz, Lis = La, IV 
are valid, a condition of considerable importance to the treatment of ir- 
reversible processes. 

Another important development of this line of reasoning leads to the 
definition of a dissipation function, ®(a,a) which may be defined in terms 
of the flows such that 


5[S(a, a)=— (a, a) | = () V 
and 


[S(a, a) — (a, &) | = maximum. VI 


In these equations, the dots have their usual significance of differentiation 
with respect to time and, consequently, S(a&,a) equals the time rate of change 
of the entropy of the whole system. The variables, a and a, are the space 
displacements and their time derivatives. The dissipation function is so 
arranged that it represents the rate of change of free energy into thermal 
energy. We shall not have occasion in the sequel to consider the dissipation 
function, but we mention it as an important general result of the theory of 
irreversible processes and because of its probable importance in the future 
development of this phase of physical chemistry. 


APPLICATIONS TO THE THEORY OF DIFFUSION 


If one proceeds from the more general case just reviewed to the simplest 
of the kinetic processes in solution, which involves only the motion of the 
masses of the components in the absence of temperature and electrical 
potential gradients, it is interesting to discover how much knowledge of 
electrolytic solutions is required for its elucidation. For the diffusion of a 
single component, Fick’s first law (3) for the flow takes the form 


J = nV = —Dyn = —Myp VII 
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where 7 is the concentration of the component in cubic centimeter, ions per 
V its velocity, D the diffusion coefficient and Vn, or 0n/dx for linear flow 
in the x-direction, is the concentration gradient. The term, A(Vu, expresses 
the result derived from the theory of irreversible processes. 2 represents a 
coefficient, and for linear flow, the gradient is du/dx. Consequently, in addi- 
tion to the importance of the Gibb’s chemical potential in equilibrium in- 
vestigations, we find that, in all diffusion phenomena which do not involve 
turbulence, its gradient determines the force which produces the motion. 
So, in an attempt to elucidate the phenomenon of mass flow in these systems, 
the whole thermodynamics of solutions is involved. 

The diffusion of s kinds of ions in a mixture of more than two components 
(simultaneous diffusion of two salts) may be considered as an example of 
simultaneous irreversible processes. In this case, equation VII may be 
expressed by 


Ji = — > MiTur VII 
kewl 
where 2, corresponds to Li, in equation IV. As a consequence of the 
theory, the important reciprocal relations 


Mix = Wes IX 


must exist. The generalization of Fick’s law to multicomponent diffusion 
has been clarified in a recent contribution by Onsager (4). Beginning with 
the assumption that the relative velocities of the components are linear 
functions of the concentration gradients as expressed by 


Ji=- > Diver x 
kal 


he shows that, for systems of s components, there are (s—1)* independent 
coefficients of diffusion. This is indeed a complicated situation except for 
the case of a two component system. 

In order to avoid the difficulties inherent in the more complicated cases, 
we shall restrict this discussion to two examples which have received both 
theoretical and practical attention: (a) The first of these is the diffusion of 
a single salt from a solution of one concentration into a solvent, or into a 
solution at a lower concentration. Since the solution must be electrically 
neutral, there is no bulk motion of one ion in respect to the other, or both 
anion and cation must migrate with the same velocity. (b) The second ex- 
ample is the diffusion of an ion at very low concentration compared with 
that of the other ions present whose concentrations are essentially constant 
throughout the solution. In this case, since more than two kinds of ions are 
present, they need not migrate with the same velocity. A simple example of 
this type is self-diffusion measured by following the migration of a radio- 
active trace-ion at very low concentration in a solution containing the same 
inactive ion at a much higher concentration. 
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For these two examples, Fick’s law in the simplest form may be em- 
ployed. From equation IV, it follows that 


DP = WA (du/dn) pr. XI 


For an electrolyte dissociating into v kinds of ions, the chemical potential 
is given by 


we — p° = vRT In Synz XII 


where p° is the standard state of the chemical potential and ¢, the mean 
activity coefficient, a/n;, where nz is expressed in ions per cubic centimeter. 
By differentiation with respect to m, combination with equation XI, and 
conversion to the molar concentration scale, we obtain 


D = »1,o00rr (™) (1 + ¢ 28) XIII 
c Oc 


where R is the gas constant in ergs, c is the concentration in moles per 
liter and ys is the molar activity coefficient (5, 6). It is clear that the term 
in the second parenthesis is the thermodynamic one, derived from the 


gradient of the chemical potential. The term, 2(/c, is denoted the mobility 
term. 


THE THEORY OF ELECTROLYTIC DIFFUSION IN DILUTE SOLUTIONS: 
CALCULATION OF THE MOBILITY TERM FOR SALT AND 
SELF- DIFFUSION 


One very important feature of electrolytic diffusion which does not 
appear in neutral molecule diffusion is expressed by the law derived by 
Nernst (7) which permits the calculation of diffusion coefficients of electro- 
lytes at infinite dilution from electrical properties derived from other 
sources. The theory of the variation of the mobility term (A/c) with electro- 
lyte concentration involves the whole development of the effects of Coulom- 
bic forces and other interactions upon the flow of ions in irreversible proc- 
esses. At the present time, the only theory which can lay claim to exactness 
is the one which takes into account the effects of Coulombic forces. There- 
fore, theoretical conclusions can only be expected to approach validity as 
the concentration approaches zero. In spite of the complexities in the 
mathematical derivations, it is possible to describe the theory qualitatively 
and to state the concluding results for both single salt diffusion and trace 
ion diffusion. 

In an ionic solution, the electrostatic forces tend to bring the ions of 
opposite charge together, whereas the thermal motion tends to separate 
them. Debye & Hiickel (8) have shown that the net effect of these opposing 
tendencies leads to the formation of an ionic atmosphere whereby each 
positive ion, by inducing a negative charge in its environment, will be 
surrounded by an ‘‘atmosphere”’ which contains more negative and fewer 
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positive ions than the bulk of the solution. Similarly, a negative ion will 
possess its positive atmosphere. 

In irreversible processes such as conductance, salt-diffusion, trace-ion 
and self-diffusion, two effects must be considered which have been denoted 
“the time of relaxation effect”’ and ‘‘electrophoresis”’ (5,9 to 11), respectively. 
Both of these influences occur in electrolytic conductance where the positive 
and negative ions move relative to each other in an electrical field. 

When an ionic system in equilibrium is subjected to certain forces, the 
ions migrate, and if the source of the disturbance is removed, a period of time 
is required for the system to attain equilibrium. A measure of this time is 
denoted “the time of relaxation’’ and is designated by r. If a system in 
equilibrium in which the atmosphere surrounding each ion has a spherical 
distribution is subjected to a directed force, each ion will tend to move 
ahead of its atmosphere, and an unsymmetrical distribution of the atmos- 
phere will be produced. This condition has been denoted ‘‘the time of 
relaxation effect.’’ Since in this situation the atmosphere exerts a pull on the 
ion in a direction opposite to its motion, the velocity of the ion will be 
retarded. This phenomenon is one of the causes of the decrease in equivalent 
conductance with the increase in concentration of an ion in dilute solution. 

Electrophoresis which influences the relative motion of the ions with 
respect to the solvent also contributes to the decrease in velocities of the 
ions with increase of electrolyte concentration. If the charge on an ion is 
ej, its atmosphere will possess an equal charge of opposite sign and, when 
subjected to an electrical force, will migrate in a direction opposite to that 
of the ion. In this process, solvent is moved with the ionic atmosphere. The 
net result is that the ion must migrate in a counter-current flow of solvent, 
an effect which obviously will retard its velocity. 

With these theoretical considerations in mind, we may state the Onsager 
theories for salt-diffusion (11) and trace-ion diffusion (4) and separate the 
factors which control each of these processes in dilute solution. ‘ 

Diffusion of a single salt—When a single electrolyte diffuses into water 
or into a salt solution of lower concentration, the cation and anion must 
move with the same velocity in order that electrical neutrality be main- 
tained. Detailed computation leads to the result that ‘‘the time of relaxation 
effect’’ is zero when the positive and negative ions migrate with the same 
velocity and, consequently, is not required for the theory of salt-diffusion. 

On the other hand, in single salt-diffusion, the electrolyte moves in one 
direction and the solvent, by replacing it, moves in the opposite direction. 
This electrophoretic phenomenon is an important factor in computing the 
mobility term in salt diffusion. Further, since the activity coefficient is not 
constant throughout the diffusing system, the thermodynamic term in 
equation XIII must be retained. The derivation of the mobility term is 
complicated and will not be deduced. Our purpose will be satisfied by 
writing the final expression for the variation of the diffusion coefficient at 
constant temperature and pressure (5, 6, 11). It is 
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diny mrs” AMM’ ADL” 
D=(-+»2)1,000R7 (1+¢ — 2) (1.0748x10 0 A+ 4——_) XIV 
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—— ————. °>(xa) XVI 
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where \,° and A2° are the equivalent conductances at infinite dilution of the 
ions of valences 3; and 22, respectively, A°=\,°+A.°, D is the dielectric con- 
2 


stant of the solvent, 7, its viscosity, I, the ional concentration, ),ci3:?, k the 
1 


reciprocal radius of the ionic atmosphere, and a, the mean distance of 
approach of the ions. The exponential integral function of the theory, 
(xa), may be interpolated from tables (5, 6). 

It is important to note that this numerically complicated equation is 
derived from premises which cannot be expected to be valid except at low 
concentrations. At zero concentration, it reduces to the Nernst limiting 
expression for the diffusion coefficient. It should yield the correct limiting 
law (5). 

Trace-ion diffusion.—Trace-ion diffusion is a special case of diffusion in a 
solution containing three or more kinds of ions. When more than two kinds 
of ions are present, they need not migrate with the same velocity and can 
move relative to one another. The general treatment of diffusion in multi- 
component systems is very complicated, but a simple limiting law for the 
diffusion coefficient of an ion at very low concentration into a medium con- 
taining other ions at much higher and constant total concentration has been 
derived by Onsager (4). 

The factors which control this kind of diffusion differ in a number of 
respects from those which influence salt diffusion. In the first place, the 
electrophoretic effect is negligible and depends on the concentration of the 
electrolyte since there is no appreciable counterflow of solvent. Secondly, 
the activity coefficient of the diffusing ion is essentially constant since the 
ionic strength is constant and the diffusing ion is present at a very low 
concentration. As a result, the thermodynamic term [1+c(dlnys/dc)] equals 
unity. Finally, since the migrating ion has a velocity relative to the other 
ions present, its atmosphere is asymmetric, and the time of relaxation effect 
cannot be neglected. The computation of the time of relaxation effect pro- 
vides the necessary and sufficient means for the derivation of a limiting 
law for the variation of the diffusion coefficient of a ‘“‘trace’’ ion with the 
total ionic concentration. 


Gosting & Harned (12) have converted Onsager’s equations for trace 
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diffusion to practical units, and they find that the limiting law for the 
diffusion coefficient of the trace ion is given by 


ORT r,°| —4 
p; = x 10-7 — 9x 1020 | Nt / —— [1 — dla) XVIE 


2;| F? 3D V 1000DRT 
and 
1 . Ci} 2i| Ac 
d(w;) = —}> apo XVIII 
j r _ (r;°/ ,| £. r,°/| el ) 
where F is the Faraday. 
When only three kinds of ions are present, we let 7=1, and 
2,| | 32} A2° | 23| As® — 
Hen) = 7-1-7 (1 ~ a ees a XIX 
| 2 +] 23 | 21 2” +] Ze} AV? Zi} As? +) 33) Aa® 
since ¢ Is negligibly small and c ¥ =C1| 51]. 
For self-diffusion | <1 | = | sel, =),", since the tonic conductances of 


the normal ion and the trace ion are practic: illy identical. As applied to a 
system containing univalent ions, |3;| =| 2 23 1 and equation XIX 


~3 


1 /3A3° + dz" ; 
d(w;) = ( ) , xX 
4 Az” + A" 


SUMMARY OF THEORETICAL CONSIDERATIONS 


simplifies to give 


The preceding discussion began with some phenomenological generaliza 
tions concerning irreversible processes and narrowed down to an outline 
of the present theory of the simplest physical chemical kinetic process, the 
relative motion of one substituent in a solution with respect to others. This 
method of approach is seen to involve much of that which has been regarded 
as fundamental to the science of electrolytic solutions. 

(a) The gradient of the chemical potential, Vu, is shown to be one of the 
dominant forces which bring about the movements of the masses in irrever- 
sible processes. The evaluation of this gradient involves the determination 
of the chemical potentials themselves or the activity coefficients of electro- 
lytes. Thus, the whole practice and theory of the thermodynamic properties 
as functions of concentrations, temperature, and pressure are involved. 

(b) The theoretical computation of the mobility terms in the equations 
for the diffusion coefficients of electrolytes or ions in dilute solutions requires 
the limiting ionic mobilities. The evaluation of these mobilities involves the 
practice and theory of electrolytic conductance and ionic transference. The 
variation of the viscosity of the solution with concentration and temperature 


also enters the picture, and besides other interactions, the variation of the 
dielectric constant with these variables is an important factor. 

(c) More specifically, the phenomena of salt-diffusion and trace-ion 
diffusion allow us to study the “electrophoretic effect’ and the “time of 
relaxation effect’ separately in dilute solution, 
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The preceding outline contains no details which are new or original, but 
the point of view is not a usual one and may appeal to those who are in- 
terested in the pedagogical presentation of the subject. In the present review 
of the contributions to this field in 1950, we shall adopt a classification which 
parallels these theoretical considerations. We shall start with the recent 
investigations of diffusion and then proceed to summarize the studies of 
conductance, transference, and thermodynamic properties. 


RECENT CONTRIBUTIONS TO THE SCIENCE OF 
ELECTROLYTIC SOLUTIONS 
DIFFUSION 


The Gouy interference method has been used by Lyons & Thomas to 
determine the diffusion coefficient of glycine in water at 1° and 25°C. (13). 
These accurately determined values are at variance with the formula of 
Gordon (14) 


2 In y+] n0 


D=D.[1+< XXI 


0c n 

where 7 is the viscosity of the solution and yo that of the solvent. Gosting 
& Morris (15) by the same method had previously found that, for cane sugar 
in water, this equation represented the experimental results with a high 
degree of accuracy. Since glycine solutions contain a dipolar ion, the ex- 
istence of a mobility term which varies with the solute concentration is to 
be expected. Lyons & Thomas (13) suggest that the breakdown of the ice- 
like structure of water may be the cause of the deviation for glycine solutions. 

Gosting (16) has described an improved masking technique for the Gouy 
interference method for measuring diffusion coefficients and reports values 
for the diffusion coefficient of potassium chloride in water at 25°C. from 
0.1 to 4 M concentration. In the concentration range from 0.1 to 0.5 M, 
where these results overlap those obtained by Harned & Nuttall (17) by 
the conductometric method, the results of the two procedures agree to 
within 0.1 per cent. This is an important result, since it confirms the validity 
of both methods of measurements and establishes a series of results which 
can be used with certainty in calibrating diaphragm cells. 

Both the Schlieren method and Gouy interference method have been 
employed by English & Dole (18) to measure the diffusion coefficient of 
sucrose in concentrated and supersaturated solutions. The results obtained 
by the Gouy method are the more accurate. The experimental results are 
considerably higher than those predicted by Gordon’s equation. 

The conductometric method has been used to yield diffusion coefficients 
of potassium chloride in aqueous solutions from 0.1 to 0.6 M concentration 
at 4°C. (19). These results agree very closely with the theory throughout 
this range of concentration and, in this respect, confirm the behavior of this 
salt at 25°C. (16, 17). The diffusion coefficients of lithium and sodium 
chlorides (20) and potassium nitrate (21) in water at 25°C. at concentrations 
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from 0.001 to 0.01 J/, determined by the conductometric method, agree 
very closely with the values predicted by the theory. For lithium and sodium 
chlorides, the departure from theory begins at concentrations just above 
0.01 M. 

The diaphragm cell technique for determining diffusion coefficients has 
been improved by Stokes (22) by employing a magnetic stirring device. 
Below 0.05 M concentration, diaphragm cell measurements are unreliable. 
Stokes ascribes this source of serious error to bulk flow of solution along 
the very large surfaces of the diaphragms. At higher concentrations, the 
method is reliable. By using Harned & Nuttall’s values for potassium chloride 
to calibrate the cells, Stokes (23) has determined the diffusion coefficients of 
hydrochloric and hydrobromic acids and of lithium, sodium, and potassium 
chlorides and bromides from 0.05 M to higher concentrations at 25°C. At 
these higher concentrations, the results fail to agree with the theory repre- 
sented by equations XIV, XV, and XVI, nor is the Gordon viscosity cor- 
rection sufficient to account for the deviations. It would be extending matters 
too far to expect the theory to hold in cases at concentrations higher than 
0.01 AZ. 

Equations XVII and XX have been applied by Harned & Gosting (12) 
to the calculation of self-diffusion coefficients of radioactive sodium and 
iodide ions in sodium iodide solutions (24) and of radioactive silver ion 
in silver nitrate solutions (25). This computation does not confirm the 
theory exactly, but the results are sufficiently close to the calculated values 
to indicate that the theory is essentially correct. The situation demands 
very high precision, and more accurate results will be required to prove the 
validity or invalidity of the limiting law. Another important test of equation 
XVII will be forthcoming when determinations of a trace-ion in a solution 
containing ions chemically different from the trace-ion become available. 

Before leaving the subject of electrolytic diffusion, it is important to 
emphasize the criteria of accuracy required for the application of equations 
XIV to XX. In addition to the values of the viscosity and dielectric constant 
of the solvent, the limiting ionic conductances must be known very accu- 
rately. Fortunately, for a few ions accurate values of \;° and ),2° are available,” 
but for the general development of the subject, many more results of like 
kind will be necessary (26). 


ELECTROLYTIC CONDUCTANCE 


Recent measurements of conductances and transference numbers of the 
alkali halides (27, 28) and hydrochloric acid at from 5 to 55°C. have provided 
a consistent set of limiting equivalent conductances and transference num- 
bers over this temperature range. Convenient tables of these quantities 


2 Our accurate knowledge of these quantities results principally from the investi- 
gations of MacInnes, Shedlovsky & Longworth of the Rockefeller Institute, Gordon 
and colleagues of the University of Toronto, and Owen and associates at Yale Uni- 
versity (26). 
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and equations for the computation of the limiting conductances as a function 
of the temperature have been compiled by Owen (29). The conductances of 
sodium, potassium, and lanthanum sulfates at 25°C. have been determined 
by Jenkins & Monk (30) who found that an ionization constant for LaSO,* 
of 2.4 10-4 was consistent with their observations. James (31) has measured 
the conductances of lanthanum ferricyanide in a number of organic solvent- 
water mixtures. The results indicate a constant value of 7.2 A for the mean 
ionic diameter and agree well with the Bjerrum ion pair theory. 

By carrying out all manipulations with the conductivity cell in a closed 
chamber containing a controlled atmosphere of carbon dioxide, Kuhn & 
Kraus (32) have improved the method of measuring conductivities of long 
chain electrolytes at low concentrations. The solvent water treated this way 
had a very constant specific conductance. By using this solvent instead of 
conductivity water, determination of the conductance of potassium chloride 
agreed with Onsager’s theory to within 0.01 per cent. Dodecylammonium 
chloride in water was found to agree with theory, but octodecyltrimethyl- 
ammonium chloride yielded low results which corresponded to the predicted 
behavior of 2-1 salts. The recent results of Kraus (33) and his colleagues 
show that electrolytes with cations of the type R(CH3)3N* in which R is 
C,Hen4i and nv is less than 13 conform with the theory for 1-1 electrolytes. 
When 2x is 13 or higher, these substances act like electrolytes of higher 
valence types. 

Strong & Kraus (34) have extended conductance measurements of eight 
alkylammonium salts in benzene from low concentrations to the saturated 
solutions. All these salts exhibit the characteristic minima observed in earlier 
investigations (35, 36). These results are discussed in their relation to the 
Bjerrum-Fuoss theory of ion-pair, triple-ion, and more complex aggregates. 

The Onsager theory of the effect of fields up to 30 kv. per cm. upon the 
dissociation of weak electrolytes, denoted the second Wien effect, has re- 
ceived further confirmation from the investigation of Fuoss, Edelson & 
Spinrad (37). Conductances of some amine picrates in toluene as a function 
of the field strength have provided the necessary data. Dispersion of the 
Wien effect in the range of frequencies where the period of the field is of the 
order of Langevin time of relaxation has been observed. 

The dissociation constants of p-toluidine, aniline, p-chloroaniline and 
m-nitroaniline in dioxane-water mixtures have been determined from con- 
ductance measurements at 25°C. by James & Knox (38). The relative 
strength of these bases change considerably with the reciprocal of the 
dielectric constant of the mixture and exhibit complex individual charac- 
teristics. 


MovinG BOUNDARY SYSTEMS 


An important contribution to the theory of moving boundary systems 
formed by weak electrolytes in which chemical reactions occur in the moving 
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boundaries has been made by Alberty (39). The subject is limited to con- 
siderations of systems of the type: 


AR, HR(y) < AS, HS(8)::AS, HS(q@) 


where R and S represent anion substituents, AR and AS, salts and HR 
and HS, weak acids. The arrow represents a moving boundary and the 
double colon a concentration boundary. Conditions under which a steady 
state moving boundary are defined, and equations relating the mobilities 
of the substituents and concentrations are derived. The theory has been 
tested in a separate contribution by Nichol (40), who obtained boundary 
displacements in a Schlieren optical system for a number of systemis of the 
following types: a fast ion and corresponding acid followed by a slow ion 
which forms an acid of the higher pK,’ than the leading acid, a fast ion and 
its acid followed by a slow ion which forms an acid of lower pK,’ than the 
leading acid, a slow ion and its acid followed by a fast anion of an acid of 
higher pK,’ than the leading acid, and a fast ion and its acid followed by a 
slow anion and corresponding acid of very much lower pK,’ than the leading 
acid. One system of salts of weak bases was investigated. The theory and 
equations of Alberty are verified by these experiments. 


THERMODYNAMIC PROPERTIES 


The knowledge of activity coefficients in aqueous solution has been 
extended by Nicholson & Felsing (41) who have measured the freezing 
points of aqueous solutions of the alkaline earth and magnesium perchlorates 
from 0.001 to 1 Af concentrations. Shedlovsky (42) has employed the most 
recent values of the universal constants to recalculate the activity coefficients 
of sodium, potassium, calcium, and lanthanum chlorides from the electro 
motive forces of cells with liquid junctions and transference numbers. These 
activity coefficients are among the few which have been determined ac 
curately in dilute solution at 25°C. Our knowledge of medium effects on 
thermodynamic properties has been advanced by the accurate electromotive 
measurements of Crockford, Knight & Staton (43) who determined the 
standard potentials of the cells: He HCI (m), ethylene glycol (x), H.O 
(y)| AgCl-Ag from 5 to 60 weight per cent of the glycol. The standard po 
tentials of the cell, H2|H.SO,4, 2-propanol, water! Hg.SO,4| Ig, containing 
5 per cent, 10 percent, and 20 per cent of 2-propanol have been determined by 
Land & Crockford (44). From their measurements, the activity coefficient 
of sulfuric acid in these solutions is now known up to 1 M concentration. 

A valuable extension of the method of determination of dissociation 
constants of weak bases from the measurements of the electromotive forces 
of cells without liquid junctions has been made by Bates & Pinching (45). 
By employing cells containing a salt of a weak acid with a weak base, such as 
He| NH3(m), KH Phenolsulfonate (m), KC!(m)|A\gCl-Ag, and combining 
with previous values of the acid dissociation constant of the ammonium ion 
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(46) corresponding to NH4st+H,O@2NH3;+H;0+, they obtain accurate 
values for the dissociation constant of the basic dissociation, NH3+H2O 
NH,4*++0OH from 0 to 50°C. (47). This method has a distinct advantage 
over earlier ones (48), since errors due to volatility of the base and solubility 
of silver chloride are reduced to a minimum. 

Equations and the necessary tables for extrapolation of apparent molal 
volumes and heats of dilution which summarize the work of Owen & Brinkley 
(49) are given by Harned & Owen (50) These equations are based on the 
Debye and Hiickel theory including the mean distance of approach of the 
ions, a. Illustrations of their value are presented in the form of graphs. 

The characteristic behaviors of apparent and partial molal volumes of 
sodium perchlorate differs considerably from those of perchloric acid as 
revealed by the results of Wirth & Collier (51). Although the apparent vol- 
ume of sodium perchlorate conforms to theory up to 1 M concentration, 
that of perchloric acid differs considerably from the theory. The results also 
indicate that the pressure coefficient of the mean distance of approach, 
din a/dP, for perchloric acid is about 18 times that of sodium perchlorate. 
Wirth & Collier ascribe the differences in behavior between sodium per- 
chlorate and perchloric acid to the compressibility behavior of the latter 
which they ascribe to the increase in coordination of water in perchloric acid 
solutions. 

A precision ultrasonic interferometer for measurement of wave lengths 
in aqueous solution has been described in detail by Gucker, Lamb, Marsh 
& Haag (52). With this apparatus, the adiabatic and partial molal com- 
pressibilities of glycine have been measured at 25°C. Preliminary results on 
glycolamide, a-alanine, B-alanine, and lactamide have also been obtained. 
Both the adiabatic compressibilities and partial molal compressibilities are 
linear functions of the amphoteric electrolyte in dilute solutions. By sub- 
tracting the limiting slopes for the amides from those for their corresponding 
acide, the electrostatic contributions to the variations of the above compres- 
sibilities with concentration are estimated. It is found that the observed 
slopes are four to eight times those computed from the theory of Fuoss (53) 
and Kirkwood (54). As the authors point out, the model of a point dipole 
in a spherical molecule, used in the theory, is only a crude approximation 
for molecules of the type of glycine or alanine. 
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Introduction.—The year 1950 has been marked by extensive contributions 
to the field of solutions of nonelectrolytes which frequently confirm earlier 
generalizations but also point to the need for more refined treatments to 
account for interesting discrepancies between existing solution theories and 
experimental measurements. A great wealth of experimental data and a 
useful summary of various theoretical treatments will be found in the long 
awaited third edition of Hildebrand’s The Solubility of Nonelectrolytes (1) 
written in collaboration with Scott. In view of the wide variety of subjects 
that fall into the field to be reviewed, the various contributions will be dis- 
cussed under appropriate headings. The authors express the hope that not 
too many significant papers have been overlooked. 

General.—Within the last decade, it has been found useful from both the 
experimental and theoretical standpoint to employ volume fraction expan- 
sions for the excess chemical potentials of the components of a solution. 
It has been customary to neglect terms higher than quadratic, which leads 
to the familiar Flory-Huggins equation for a binary system 


V 
mi(T, p, dr) — mT, p) = RT [1086 + (1 - =) | + ViAi2d2* I 


where @:=%1Vi/(x1Vitx2V2) and wi(T, p, o:) is the chemical potential of 
the solvent 1, x and V are mole fraction and molar volume, respectively, 
and Ay is a specific parameter for the system under consideration. It will 
be noted that even when a quadratic expansion may suffice for the chemical 
potential, the corresponding expressions for derived thermodynamic func- 
tions are in general more complex: 


S(T, p, dri) — Si(T, p) 
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' The survey of the literature pertaining to this review was concluded in Decem- 
ber, 1950. 


2 Contribution No. 1518. 
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where S; and V; are the partial molar entropy and volume of the solvent 
and a and « are the coefficients of thermal expansion and isothermal com- 
pressibility of the pure components. 

An expansion of the type I may be justified on the basis of molecular 
theory. Kirkwood & Buff (2) have shown from the theory of the grand en- 
semble that Aj is given by 
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where V,° is the partial molar volume of the solute at an infinite dilution 
in the solvent, and k is Avogadro’s number. G22" is the ‘‘second virial coeffi- 
cient’’ of the osmotic pressure expansion (3), which may be calculated from 


the pair correlation function goo( Rie) of two solute molecules at infinite dilu- 
tion in the solvent. While the partial molar volumes and isothermal com- 
pressibility of the solution may be similarly related to integrals of molecular 
distribution functions, the partial molar entropies must be computed in 
terms of the temperature derivatives of these integrals. The important 
coefficient Gz2° is receiving increasing attention. Isihara (4) has extended 
Zimm’s earlier work (5) to high polymer molecules treated as rigid ovaloids 
and Flory & Krigbaum (6) have carried out approximate calculations of 
G2° for dilute polymer solutions. 

The first two terms of equation I, Flory’s formula (7), arose from approxi- 
mate calculations of the entropy of mixing of athermal solutions when it is 
assumed that open chain molecules occupy m sites in a quasi-lattice of co- 
ordination number z with solvent molecules occupying single lattice sites. 
The more refined result is due to Huggins (8) and Guggenheim (9): 


Zz 27% 
S—- Sf = — R{ log ¢: — — log (: +—(—- 1) ) | 
r 3 z\m 


1 1 1\2 . 
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m 2 m 


Guggenheim & McGlashan (10) have extended this theory to chain 
molecules having the shapes of equilateral triangles, regular tetrahedra, 
and squares. The essential assumption of the treatment is that if two sites 
are not occupied by the same molecule, then the relative probabilities of 
being occupied or vacant are independent for the two sides. On the basis 
of this analysis, these authors concluded that Flory’s formula, which corre- 
sponds formally to letting the co-ordination number tend to infinity, leads 
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to slightly high values for the total entropy of mixing. Their treatment did 
not confirm Staverman’s extension of equation V to molecules containing 
rings (11). 

Recently Miinster (12 to 16) published a series of investigations concern- 
ing the properties of binary solutions on the basis of the quasi-lattice picture. 
He emphasized that the theory of strictly regular solutions predicts entropy 
changes upon mixing which at times even differ in sign from the experimental 
observations. Since a re-examination of this theory led to results in agree- 
ment with the earlier work of Rushbrooke (17) and Kirkwood (18), he sug- 
gested that orientation effects might remove the discrepancies for certain 
types of systems. Three types of interaction are considered: (a) two solute 
molecules orient each other; at sufficiently low concentrations the theory of 
strictly regular solutions still applies; (b) the solvent molecules are oriented 
by the solute molecules, although free rotation occurs in the pure solvent; 
(c) in the pure solvent, co-operative orientation takes place which is dis- 
turbed by the solute molecules. His treatment for type (b) replaces the as- 
sumption of spherical symmetry of the interaction potential employed in 
the theory of strictly regular solutions by the assumption that the solvent 
molecules can take up orientations of equal energy in the pure phase and 
that, for those solvent molecules which are neighbors of a solute molecule, 
one of the orientations has an additional energy W.,/N, where N is Avo- 
gadro’s number. With W/N the interaction energy of two solute molecules, 
Miinster developed the following expression for the free energy of mixing, 
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Reasonable values for the adjustable parameters of equation VI led to good 
agreement with the experimental results for the heat of mixing and excess 
entropy of dilution of the system chloroform and acetone. Miinster’s cor- 
responding treatment of type (c) again abandoned the assumption of spheri- 
cal symmetry of the interaction potential and postulated two different orien- 
tations for the solvent molecules instead. Denoting the energy that induces 
two neighboring molecules to take up identical orientation by W.,/N, he 
found on the basis of a generalized quasi-chemical equation, 
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Comparison with the system cyclohexane-benzene led to fair agreement, 
particularly for the entropy of mixing. 

Prigogine & Garikian (19) have published an approach to the theory of 
solutions which employs a more realistic model of liquids than is provided 
by the quasi-lattice approximation. They presented an approximate exten- 
sion of the Lennard-Jones & Devonshire (20) free volume theory to binary 
mixtures of spherical molecules at temperatures far from the critical point. 
On the basis of rough calculations, they were able to show that the concen- 
tration dependence of both the change of volume upon mixing and of the 
vibrational frequency of the molecules in the mean field of their nonidentical 
neighbors leads to appreciably larger entropy changes than would be predicted 
from the theory of strictly regular solutions. They state that the molecular 
parameters they employed in their calculations correspond to the system 
carbon tetrachloride-neopentane, which is also being studied experimentally. 

In many applications of equation I, refinements of the preceding type 
have been neglected, and the third member of this equation has been repre- 
sented by a van Laar-Hildebrand-Scatchard heat term for solutions without 
specific interaction. Primarily with the approximation of spherical symmetry 
of the intermolecular forces and other simplifying assumptions which are 
discussed by Hildebrand in his book (1) and recent review article (21), Ais 
has been represented by 


Aw = (8: — 8:)2, 5a = (AEa/Va)'?, a= 1,2 VII 


where AE, is the molar energy of vaporization of component a, and V4 
is its molar volume. Hildebrand’s regular solution equation is obtained 
by employing the approximation, equation VIII, in equation I: 


Vy 
a — wa? = RT [toe fi + (1 = =) 6 | + Vi(61 — 62)*¢»”. IX 
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‘\ wealth of experimental data indicates the usefulness of this relation for 
relatively simple systems, although particularly for mixtures containing 
paraffin hydrocarbons, Hildebrand (22) has pointed out that the solubility 
parameter 6 is to be properly regarded as an empirical constant. When the 
molar volumes of the components do not differ appreciably, equation IX 
may be replaced by the more frequently used older relation 


i — wr® = RT log m + Vildi — 52)*¢». X 


Although the expansion underlying equation I fails to converge in the 
immediate vicinity of the consolute point, equation X has been employed 
to calculate Ais from critical mixing point data. The corresponding relations 
(23) that may be derived from equation IX are 
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a relation independent of Ay which relates the critical composition x,** 
to the molar volumes, and 





2Ai2 
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where T; is the consolute temperature. 

Among more qualitative treatments of solutions during 1950, we note 
a paper by Drenan & Hill (24) who treated binary systems on the basis of 
a generalized van der Waals equation in a manner similar to the analogous 
work of Wall & Stent (25). A semi-empirical formula relating the activities 
of a binary system has been proposed by Martell (26). 

Hydrocarbons and fluorocarbons.—Recent experimental work on solutions 
containing paraffin hydrocarbons has brought out some discrepancies 
between existing theories and experiments designed to test various refine- 
ments. Van der Waals & Hermans (27) measured the integral heats of 
mixing, AHnix, for the binary alkane systems n-hexane-n-hexadecane, n- 
heptane-n-hexadecane, n-octane-n-hexadecane, n-decane-n-hexadecane, n- 
decane-n-dotriacontane, and 2,2,4-trimethylpentane-n-hexadecane. They 
commented on the marked decrease with temperature of AHnix and showed 
that AHnix for hexane, heptane, octane, and decane as the one component, 
and hexadecane as the other component, could be well fitted by a Brgnsted- 
Koefoeld (28) type expression: AHmiz (20°C.)=5.1 (ki—k2)*xix2 joule per 
mole of mixture, where &; and k2 are the number of carbon atoms in the 
molecules of the two components. The dependence of AHpix on the chain 
length of the constituent molecules did not agree with Tompa’s theory (29) 
for heats of mixing in m-alkane systems based on the quasi-lattice model. 
Additional vapor pressure determinations (30) on some of these systems, 
open to the criticism that the vapor phase was not completely eliminated, 
showed that the entropy of mixing for hexane-hexadecane and heptane- 
hexadecane could be very well accounted for with Flory’s formula or 
equation V, although this agreement cannot persist at temperatures appre- 
ciably higher than 20°C. in view of the strong temperature dependence of 
the heat of mixing. However, the weakness of the quasi-lattice model was 
illustrated by the system 2,2,4-trimethylpentane-hexadecane, which, al- 
though it closely obeys Raoult’s law at 25°C., has a far greater excess entropy 
of mixing than would be obtained for n-octane-hexadecane. 

Similar experiments carried out by Mathot & Prigogine (31, 32) were 
designed to determine the influence on the excess entropy of mixing of the 
molecular symmetry rather than the size of the constituents. The two sys- 
tems selected both showed positive excess free energies of mixing and one, 
cyclohexane-n-hexane, also had a positive excess entropy and integral heat 








56 BUFF AND KIRKWOOD 


of mixing. However, the other system, tetraethylmethane-n-octane, had 
both negative excess entropy and integral heat of mixing. These authors 
have suggested that, since both systems should have a nearly ideal entropy 
of mixing on the basis of the athermal quasi-lattice model, the origin of 
the entropy terms should be imputed to the heat of mixing. The effect of 
the internal partition functions will be checked spectroscopically in their 
laboratory. 

Simons & Dunlap’s thorough investigation of the system perfluoro-n- 
pentane-n-pentane (33) led to data for the excess chemical potentials, partial 
molar enthalpies and volumes, and the mutual solubility diagram. Even 
though large volume changes were observed, the vapor pressure measure- 
ments could be well fitted by equation X and led to a value for Aiz in good 


TABLE I 


SOLUBILITY PARAMETERS AT CRITICAL SOLUTION TEMPERATURES 











System aC. 52—6; (obs.*) 6:—8, (theor.f) Reference 
n-CsHie-n-CsF 12 — 7. 7 a 1.32 32 
n-C7Hy¢-n-CrF ig +50.0 2.61 1.58 23 
4-CgHis-n-C2F i6 23.7 2.48 1.01 23 
CCh-n-C7F is 58.7 2.68 2.97 23 
CHC1;-n-C7F is 78.5 3.22 3.19 23 
CsHe-n-C2F i¢ 313.5 3.11 3.15 23 





* Differences calculated from Equation XII. 
{ Differences calculated from theoretical solubility parameters. 


agreement with that obtained from equation XII. No attempt was made to 
calculate Az from the azeotropic data. These authors found that the experi- 
mental Aj. differed appreciably from the theoretical solubility parameter 
prediction, and they ascribed the discrepancy to unusual peripheral interpen- 
etration of the hydrocarbon molecules with attendantly small free volume 
for the liquid. Similar effects were noted by Hildebrand, Fisher & Benesi 
(23) from the solubility of perfluoro-n-heptane with n-heptane and 2,2,4- 
trimethylpentane. Table I illustrates this irregularity in the solvent powers 
of the paraffins, the subscript 1 referring to the fluorocarbon while the other 
components are denoted by the subscript 2. Hildebrand (22) has shown that 
“‘a simple, practical means of dealing with the solubility relations of paraffins 
is to derive their solubility parameters from known solubility data with a 
reasonable expectation that values so derived will prove applicable to new 
cases.” 

Cox & DeVries (34) were able to account for the solubility of solid ethane 
in liquid nitrogen remarkably well on the basis of the regular solution equa- 
tion X. Similar solubility measurements of solid ethane, ethylene, and pro- 
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pylene in liquid oxygen led to an experimental A, appreciably larger than the 
value predicted from theoretical solubility parameters. While some improve- 
ment may be achieved with use of equation IX, in view of this difference 
between oxygen and nitrogen, additional experimental confirmation would 
be desirable, particularly since some of the measurements reported by Cox & 
DeVries do not agree with earlier work. 

Calingaert & Wojciechowski (35) presented evidence for negative azeo- 


TABLE II 


SOLUBILITY PARAMETER OF IODINE CALCULATED FROM ITs SOLUBILITY 
IN REGULAR SOLUTIONS 








Solvent 100x, 61 5: 
n-C7F i¢ 0.0182 5.8 14.4 
(CH;)sCC2Hs .469 6.7 13.1 
iso-CsHig .592 6.8 13.0 
n-CoHiy .452 7.3 13.6 
n-C7Hie .679 7.4 13.5 
cyclo-CgHiz .918 8.2 14.0 
SiCl .499 7.6 13.9 
CCk 1.147 8.6 14.2 
CHCl, 2.28 9.0 14.1 
trans-C;H.Clh 1.417 9.0 14.5 
cis-C2H2Cle 1.441 9.1 14.5 
1,1-C.H,Cl. 1.531 9.0 14.4 
1,2-C,H,Cl, 2.20 9.8 14.9 
TiClh, 2.15 9.0 14.1 
CS, 5.58 9.9 14.1 
1,2-C.H,Brz 7.82 10.4 14.1 
CHBr; 6.16 10.5 14.1 

Av. 14.0 
AE, 1/2 
I; 25.8 — =13.6 
Ve 





tropy in the system 2,2,3-trimethylbutane and 2,4-dimethylpentane whose 
pure components boil less than 0.4° apart under atmospheric pressure. 
Iodine solutions.—Investigations of iodine solutions provide a particu- 
larly useful test of the theory of regular solutions, since a wide range of 
solubilities is encountered, and furthermore, departure from the violet 
color of iodine vapor indicates specific interaction effects. Table II, taken 
from a paper by Hildebrand, Benesi & Mower (36), summarizes the results 
of solubility determinations of iodine in a wide variety of violet solutions and 
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also indicates the usefulness of the regular solution approximation. The 
theoretical solubility parameter of the solvent is represented by 6,1, and 4, is 
calculated from equation X. The moderate deviations from the average 
value of 62 encountered in the case of the paraffins could be somewhat im- 
proved by employing modified parameters for the solvent. 

Spicer & Kruger (37) obtained liquid-vapor equilibrium data for the 
system bromine-carbon tetrachloride and found the formation of an azeo- 
trope as had been anticipated from the boiling points and solubility param- 
eters of the pure components. 

The last few years have seen great interest in the brownish solutions of 
iodine, which are also found to deviate from the regular solubility-tempera- 


TABLE III 


EQUILIBRIUM CONSTANTS FOR HALOGEN-AROMATIC COMPLEXES 
IN CCl SOLUTIONS 














Aromatic I,* Bret ICIt 
Benzene 1.72 1.04 4.76 
Toluene 1.44 7.97 
o-Xylene 2.29 15.4 
m-Xylene 2.16 16.0 
p-Xylene 2.26 13.4 
Mesitylene 7m 
Chlorobenze 0.90 2.24 

3.43 


Bromobenzene 1.18 








* Taken from Benesi & Hildebrand (38). 
t Taken from Keefer & Andrews (40). 
t Taken from Keefer & Andrews (41). 


ture curves. The discovery by Benesi & Hildebrand (38) of a specific ultra- 
violet absorption peak at about 300 my for solutions of iodine in aromatic 
hydrocarbons has stimulated further work which has pretty well established 
that this peak is due to a one-to-one complex formed between the solvent 
and the halogen molecule. The original explanation put forth by these 
authors (39) that the molecular addition compound is due to an acid-base 
interaction in the‘electron donor-acceptor sense also appears to have been 
substantiated, as can be seen from Table III, taken from papers by Benesi 
& Hildebrand (38) and Keefer & Andrews (40, 41). The equilibrium constant 
for the equilibrium X,+A @X,-A, where A denotes the aromatic solvent 
and X, the halogen, has been obtained from spectrophotometric measure- 
ments and varies in accordance with the acid-base interaction picture. Fair- 
brother (42) has presented some evidence for the analogous behavior of 
iodine cyanide in electron donor solvents. Hildebrand, Benesi & Mower 
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(36) showed the consistency of the equilibrium constants with the solubility 
of iodine in benzene and mesitylene after making appropriate corrections 
with equation X. 

Cromwell & Scott (43) calculated the heat of formation of the iodine- 
benzene complex from spectrophotometric data obtained at different tem- 
peratures. Hartley & Skinner (44) carried out calorimetric measurements of 
the heats of solution of iodine in several organic solvents. After subtracting 
the regular solution contribution, equation X, they found that the rather 
approximate heats of complex formation increased with the intensity of the 
brown color of the solution. The order of increasing heats of formation was 
benzene, toluene, methyl alcohol, ethyl acetate, ethyl alcohol, methyl ace- 
tate, nitrobenzene, dioxane, diethyl ether, and pyridine. In the case of pyri- 
dine, they suggested the formation of a salt. 

Various structures for the molecular addition compounds have been 
proposed. Keefer & Andrews (40) prefer to describe the benzene-halogen 
complex as a resonance hybrid of the many different resonance forms based 
on the general formula 


(CoHg*) :X: :X: 


in which the centers of the benzene ring and the two halogen atoms (X) 
lie on a straight line. Mulliken (45) has treated the specific interaction com- 
plexes of iodine, bromine, iodine monochloride, and iodine monobromide 
with simple benzene derivatives, ethers, alcohols, water, and ketones on the 
basis of valence theoretical considerations. He regards the above structure 
as unlikely, since he believes that the intense absorption bands of these 
complexes in the neighborhood of 300 my may in part be explained in terms 
of a loss of symmetry by the benzene ring on forming the complex. Instead, 
he favors a type of structure in which the halogen molecule is located in a 
position parallel to the plane of the aromatic nucleus, with the center of the 
molecule on the sixfold symmetry axis of the ring. In connection with predic- 
tions of the structure of the acetone-iodine complex, it is of interest to note 
that Benesi & Hildebrand (46) have shown that there is a rapid chemical 
reaction between iodine and acetone and that the single intense absorption 
peak at 363 mu they previously reported for this system (38) is due to the 
triiodide ion. Bayliss (47) has treated the red shift of absorption in solution 
on the basis of quantum mechanics and classical dispersion theory. This 
effect, which is nonspecific in nature, cannot account for the specific one-to- 
one interaction of the halogen complexes. 

Two-phase equilibria.—The solubility of gases in liquids has received 
some attention. Gjaldbaek & Hildebrand (48) determined the solubility of 
chlorine in perfluoro-n-heptane and showed that regular solution theory, 
equation IX, could account fairly well for the observed solubilities and their 
temperature dependence. The rather concentration-dependent partial molar 
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volume of chlorine in perfluoro-n-heptane was found to be near that of liquid 
chlorine, while the partial molar volumes of nitrogen, methane, and ethane 
in perfluoro-n-heptane, n-hexane, and carbon disulfide decreased strongly 
with increasing solubility parameters of the solvents (49). The solubility 
of hydrogen bromide in n-hexane, n-octane, and n-decane, measured by 
Boedeker & Lynch (50), is also in qualitative agreement with regular solu- 
tion theory. Their heats of solution, obtained from the temperature depend- 
ence of the solubility at a constant partial pressure 2, are only qualitative 
since Henry’s law did not hold rigorously. This objection is readily apparent 
from the approximate, though adequate, thermodynamic relationship 





- 1/2 aR | 
faz (vap.) — He (liq.) = — ( = ) — XII 
RT \dlog x7 7. P 1 
7 P» 





where x2 is the mol fraction of the gas in the liquid. 

The freezing points of the systems cis- and trans-decahydronaphthalene, 
dotriacontane and cis-decahydronaphthalene, and tetracosane and cis- 
decahydronaphthalene were examined by Seyer, Yip & Pyle (51) and were 
found to be very close to the ideal state. Similar ideality was found from the 
freezing points of cis- and trans-1,2-dichloroethene, investigated by Broers, 
Ketelaar & van Velden (52). The entropies of fusion, computed from the 
slopes of the melting point-composition diagram of this system, could be 
ascribed to more rotational freedom for the trans molecule. Mathot (53) 
has pointed out that when the entropy of fusion of one component of a binary 
ideal system is less than 4 cal. per M per degree, a point of inflection may 
result in the eutectic phase diagram. This prediction appears to be verified 
for the system methylcyclohexane-cyclohexane. 

Witnauer & Swern (54) found that the isomeric 9,10-epoxyoctadecanols 
lead to a simple eutectic, and Cilento (55) found that phthalic anhydride- 
thiophthalic anhydride, phthalimide-phthalic anhydride, phthalimide- 
thiophthalic anhydride, triphenylthiophosphate-triphenylphosphate,  tri- 
phenylselenophosphate-triphenylphosphate, and_tri-p-tolylthiophosphate- 
tri-p-tolylphosphate also lead to simple eutectics while selenophthalic anhy- 
dride-thiophthalic anhydride and triphenylselenophosphate-triphenyl-thio- 
phosphate yield a Roozeboom type I diagram. 

Small deviations from ideality were found from liquid-vapor studies of 
the binary systems pyridine-acetic anhydride (56), tetradecane-1-hexade- 
cene (57), ethylene oxide-acetaldehyde (58), and binary solutions with Hg, 
Dz, and HD as constituents (59). Wise, Puck & Failey (60) employed a novel 
dew point method in a liquid-vapor equilibrium investigation of water-2,2’- 
ethylene dioxydiethanol that indicated negative deviations from Raoult’s 
law. Bent & Krinbill (61) have remarked that in binary liquid-vapor systems 
whose chemical potentials may be represented by equation I, the ratio of the 
vapor pressures of the pure components is independent of A, at a liquid com- 
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position x;= V2'/2( V,'/2+ V,'/2). They applied this observation to the deter- 
mination of the vapor pressure of pure diphenyl ether at 50°C., employing 
“‘mustard gas’”’ as reference liquid. Minimum boiling azeotropes were found 
at 1 atm. in the systems water-2-methyl-3-butyn-2-ol and water-3-hydroxy- 
3-methyl-2-butanone (62), while phase rule studies of the water-ethene 
system (63, 64) led to the determination of the composition, C,.H,-7H,O, 
for the dissociating compound found by these substances. 

Metallic solutions Employing the electromotive force method, Kleppa 
(65) studied the liquid tin-gold system up to 78 atomic per cent gold. From 
these data, activities, relative partial molar and integral heats of mixing 
were determined at 600°C. This system shows very large negative deviations 
from Raoult’s law consistent with the presence of stable intermetallic phases 
which give rise to a maximum in the binary phase diagram. Kleppa (66) 
also measured ultrasonic velocities of sound in equiatomic liquid mixtures 
of tin-cadmium, tin-mercury, tin-bismuth, and tin-lead and found that the 
rule of additivity was only approximately valid. 

Hauffe’s technique (67) of using glass as an electrolyte for activity deter- 
minations of liquid alloys has been utilized by him and Vierk (68). They 
determined the activity of potassium in amalgams containing .260 to .988 
atomic per cent potassium by means of the chain 


K (liq.) | “Thiiringer” glass (3.5 wt. per cent K,0)| K-Hg (liq.) 325°C. 


Although the strong negative deviations from Raoult’s law they found 
are expected, since KHg lies in the composition range investigated, their 
results disagree with earlier work by Pedder & Barrat (69) and Millar (70). 
The exchange of sodium ions by potassium ions in the glass is being studied 
by these authors. Vierk (71) employed the chain 


Tl (liq.)| “Thiiringer” glass containing Tl ions| TI-Bi (liq.) 459°C. 


and found thallium activities in good agreement with earlier work by Wag- 
ner & Engelhardt (72) and Hildebrand & Sharma (73). 

The equilibrium solubility of pure iron in mercury was determined from 
25° to 700°C. by Marshall, Epstein & Norton (74) and large positive devia- 
tions from Raoult’s law were found in these extremely dilute solutions. 
Johnson, Meyer & Martens (75) measured the density of solutions of lithium 
in liquid ammonia at —33.2°C. and of saturated solutions of sodium and 
potassium in liquid ammonia at temperatures ranging from about —32° 
to —51°C. 

Surface and critical phenomena.—Recently, Kirkwood & Buff (76) devel- 
oped the statistical mechanical theory of surface phenomena, which, in the 
case of solutions of nonelectrolytes, leads to results which are not readily 
amenable to numerical evaluation. For the purpose of obtaining relatively 
simple expressions, several authors (77, 78, 79) have employed the quasi- 
crystalline lattice approximation with the assumption that the interfacial 
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region consists of a unimolecular layer having the same lattice properties as 
the bulk of the solution, but differing, in general, in its composition. The ex- 
pression for the surface tension of a strictly regular solution derived by 
Guggenheim (79) on the basis of this model has been tested on the system 
ether-acetone by Prigogine (80) with excellent agreement. Defay & Prigogine 
(81) have re-examined the implications of these approximations and have 
shown that the assumption of a unimolecular layer as the surface phase 
separating a strictly regular solution from its vapor phase is in contradiction 
with the Gibbs adsorption equation. When, however, the possible presence 
of several unimolecular layers in the surface phase is taken into account, 
this discrepancy is removed with little modification of the surface tension 
expression, although the relative adsorption is altered significantly. 

Prigogine & Defay (82) have utilized the layer model for the calculation 
of the interfacial tension between the immiscible phases of binary strictly 
regular solutions. Prigogine & Sarolea (83, 83a) also have examined the sur- 
face tension of a solution where one component occupies one place and the 
other two places of a quasi-crystalline lattice with good agreement between 
theory and experiment for the system benzene-diphenyl. The contribution 
of permanent dipoles to the relative adsorption of polar-dipole solutions 
has been calculated by Hartmann (84) in a manner similar to Wagner’s 
theory (85) of the relative adsorption of strong electrolyte solutions. Hart- 
mann’s comparison of this result with a rough estimate of the relative adsorp- 
tion of the cyclohexane-nitrobenzene system is doubtful in view of the 
neglect of the van der Waals force contribution to the adsorption. 

The symposium on critical phenomena held at the 116th meeting of the 
American Chemical Society was recently published in the Journal of Physical 
and Colloid Chemistry. Rice (86) presented a general survey of the field with 
particular emphasis on the association theory, and Tisza (87) reviewed the 
theory of fluctuations near the critical point. Zimm’s important investiga- 
tion (88) of light scattering near the critical mixing point of a binary system 
and its bearing on Mayer’s theory of critical phenomena (3) has already 
been discussed in detail by Hildebrand & Scott (89) in their review article 
for 1950. Boyd (90) discussed retrograde condensation of binary mixtures and 
presented a qualitative formulation of this phenomenon in terms of the van 
der Waals equation of state. Atack & Schneider (91) reported solubility 
measurements in the neighborhood of Ty, the temperature at which the 
meniscus disappears. Employing ethane as solvent and 1-chloro-4-iodoben- 
zene containing some radioactive iodine as solute, they found that vigorous 
stirring is required in order to obtain a uniform density gradient at tempera- 
tures larger than 0.3°C. above Ty. Furthermore, at temperatures less than 
0.3°C., they presented evidence for an equilibrium density gradient in the 
vicinity of the point where the meniscus disappears at Ty and suggested 
that the gradient might be ascribed to the effect of the gravitational field on 
large clusters of molecules. 
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Wentorf, Buehler, Hirschfelder & Curtiss (92) carried out extensive calcu- 
lations of the Lennard-Jones & Devonshire (20) equation of state of com- 
pressed gases and liquids and found the expected result that the theory is 
unsatisfactory near the critical point but improves at higher densities. 
Ono (93, 94, 95) has examined critical and surface phenomena on the basis 
of the quasi-lattice approximation and free volume theories with particular 
reference to the lower critical mixing point. 

Miscellaneous.—Kittsley & Golden (96) have extended Hildebrand’s 
system (97) of seven liquid phases in stable equilibrium to eight phases. The 
eight liquid layers, indefinitely stable at 45°C., in order of increasing density 
are paraffin oil, silicone oil, water, aniline, perfluorodimethylcyclohexane, 
white phosphorus, gallium, and mercury. 

Gross & Taylor (98) measured the dielectric constants of aqueous hydro- 
gen peroxide solutions from 30° to 65°C. and found a broad maximum at 
intermediate concentrations in the dielectric constant-composition diagram. 
Similar dielectric constant measurements were carried out by LaRochelle & 
Vernon (99) for the system methyl alcohol-benzene. 

Fineman (100) has modified equation VIII for the calculation of heats 
of formation of alkali halide solid solutions by employing solubility param- 
eters computed from energies of sublimation. The rather poor agreement 
with experiment was of the same order of magnitude as calculations based 
on recent lattice theories (101). 

Haase (102) has given a lucid discussion of the general Gibbs coexistence 
and stability conditions for multicomponent systems, and this author, 
Meijering (103), and Miinster (104) also treated the segregation in ternary 
systems on the basis of this thermodynamic theory and approximate analytic 
expressions for the chemical potentials. 
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INTRODUCTION 


Information concerning isotopes is accumulating at present at an ever 
increasing rate. Much of this information has been derived directly from 
work in connection with atomic energy programs, or because of instrumenta- 
tion or materials which have been by-products of such work. Chapters on 
Radioactivity, Radiation Chemistry, and Chemical Kinetics in Volume | 
of this series have discussed isotopes and their effects on chemical reactions. 
Some duplications between the present chapter and other sections of this 
and the preceding volume appear unavoidable if a logical treatment is to 
be provided. 

In the present review, the subject of isotopes will be treated from the 
standpoint of differences between them, making possible their analysis or 
their separation, or resulting in discrimination in systems where isotopes are 
usually presumed to behave identically. Straightforward tracer applications 
to specific problems will not be considered. Insofar as possible, references 
will be confined to work with stable isotopes, since radioactivity is covered 
in a separate review. Measurements of properties directly associated with 
the atomic nucleus, such as exact mass, spin, magnetic moment, cross-section 
for nuclear reaction, and nuclear structure are being omitted from this 
review in the field of physical chemistry. In the aspects reviewed, it is hoped 
that the citation of suitable review articles and books will serve to rectify 
the necessary omission of many individual papers. 


ABUNDANCE OF ISOTOPES 


Methods of measurement.—The mass spectrometer provides the most 
generally useful method for analyzing a mixture of isotopes. The mags 
spectrograph, using photographic recording, is of particular usefulness in 
the detection of extremely rare isotopes and in the exact determination of 
mass, but developments in this field will not be considered further in this 
review. 

Mass spectrometry has been the subject of several recent reviews. Thode 
& Shields (1), Hipple & Shepherd (2), and Shepherd & Hipple (3) have written 
comprehensive reviews, while Washburn (4) and Stewart (5) have con- 
tributed chapters on mass spectrometry to recent compilations of physical 
methods of analysis. Roth (6) has reviewed both mass spectrometry and 
mass spectroscopy and gives a bibliography of 212 references. 


' This survey of literature pertaining to this review was concluded in January, 
1951. 
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Instrumental discrimination is one of the inherent errors of mass spec- 
trometry. In order to determine and correct for this, Nier (7) has calibrated 
his spectrometers with isotopic mixtures of accurately known composition. 
He has prepared essentially pure A®* and A*® by thermal diffusion, and has 
determined the isotopic ratio on synthetic mixtures. Discriminations de- 
tected in this way have been corrected for in examining carbon, nitrogen, 
oxygen, potassium, neon, krypton, rubidium, xenon, and mercury. These 
elements can now be used as sub-standards for the calibration of any mass 
spectrometer. 

For much of the work to be reviewed in this chapter, accurate absolute 
ratio determinations are less necessary than precise comparisons of samples 
differing but slightly in their isotopic composition. McKinney ef al. (8) 
have attacked this problem through improved electrical stability in a con- 
ventional Nier-type mass spectrometer and by providing a dual sample 
system which permits the rapid alternate introduction of the reference and 
unknown samples. In this way, relative isotope ratios can be determined 
with an accuracy of 0.01 per cent. Nier & Roberts (9) have described the 
use of an auxiliary mass spectrometer tube to detect and compensate for 
fluctuations in the magnetic field and accelerating potential of the main 
spectrometer, and have attained a stability adequate for the resolution of 
doublets useful in exact mass determinations. 

Leland (10) has utilized an electron multiplier tube as the detecting ele- 
ment for ion beams, and has re-examined the isotopic abundances in iodine, 
vanadium, and six of the rare earths. The mass spectrograph constructed 
by Duckworth (11) has been useful for the detection of extremely rare iso- 
topes, as well as for the measurement of exact atomic masses. Work by 
Hess (12) and by Hess, Inghram & Hayden (13) has resulted in the de- 
termination of isotopic abundance ratios for a considerable number of 
elements. Mattauch and co-workers (14) have used the mass spectrograph 
to determine isotope ratios, using internal standards for calibrating the 
photometric method. 

The mass spectrometric analysis of deuterium in hydrogen gas is fre- 
quently complicated by discrimination and exchange effects. Orchin, Wender 
& Friedel (15) have suggested the use of a Grignard reaction with heavy 
water to generate methane and monodeuteromethane from the sample. 
These compounds can be analyzed with good accuracy in the mass spec- 
trometer. Alfin-Slater et al. (16) have described, however, a satisfactory 
empirical procedure for the analysis of hydrogen-deuterium mixtures. 

Other methods for the determination of isotope ratios have been re- 
ported, but few appear to offer any present advantage in versatility, con- 
venience, or precision over the mass spectrometric method. The use of 
density measurements in the determination of deuterium may be an excep- 
tion to this statement. This field has been reviewed by Bauer (17). 

The absorption of microwaves has been applied to the determination of 
N® and C8 (18). Infrared absorption has been shown to be useful for ana- 
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lyzing hydrogen-deuterium mixtures (19), and band spectra have been 
used by Hoch & Weisser (20) to measure the abundance of N*. In the latter 
method, impurities such as carbon monoxide do not interfere as they would 
in the mass spectrometer, and +2 per cent accuracy can be obtained with 
less than 50 wg. of nitrogen gas. The use of hyperfine structure in atomic 
spectra has also been suggested for the determination of isotopic ratios (21). 

Isotope abundance ratios and their variations—Data on the abundance 
of stable isotopes have been included in several recent reviews of the known 
nuclear species, including the tables of Seaborg & Perlman (22), of Mattauch 
& Flammersfeld (23), of Sullivan (24), and of Way, Fano, Scott & Thew 
(25). The last of these is a tabulation as of January, 1950. Although the 
classification of stable atomic species, and the correlation of abundance 
with nuclear structure, is outside the scope of this review, recent papers by 
Brightsen (26) and Harkins (27) may be of interest as indicative of the 
general status of this subject. 

Improved methods of mass spectrometry have made possible the study 
of small discriminations which occur between isotopes in the course of 
natural processes. Thode (28) has reviewed this subject through 1948. The 
effect of isotopic substitution upon the equilibrium constant of a chemical 
reaction has been recognized for many years. Urey (29) reviewed the subject 
in 1947, and pointed out that not only should isotopic abundances vary from 
sample to sample, depending upon the chemical history of the material, but 
that in a compound prepared by the same process under different conditions 
of temperature, the isotopic fractionation should be measurably different. 
Urey has extended this reasoning (30) to the actual determination of the 
temperature at which calcium carbonate has crystallized from water, as 
indicated by the O'8 abundance. Such measurements on the calcified remains 
of marine animals can be used to determine the temperature of seas in remote 
geological time. McCrea (31) has studied the calcium carbonate-water 
equilibrium in detail. He concludes that in the range 10 to 60°C., the varia- 
tion of O'8 content between the carbonate phase and the water from which 
it crystallized is given by the equation: 


AO"* = 1.62 X (10*/T) — 56.75 


where T is the absolute temperature and AO" is expressed in terms of 
018(CO;~) /O4(H,0) = (1 + 0.00140"). 


Urey has concluded from his consideration of the problem that the 
temperature scale, as determined in this manner, is linear and accurate to 
+1°C. Fossils have preserved seasonal temperature variations for more 
than 100 million years. Teis (32) has further reviewed the carbonate situation 
as it applies to stalactites, marine limestone, calcites from hot springs, and 
calcites of magmatic origin. O'8 enrichments in the last of these materials 
appear to be greatly in excess of that predicted from the high temperature 
of formation. It must be assumed that special conditions apply to carbonate 
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crystallization from magma. Baertschi (33) has analyzed oxygen from the 
decomposition of silicate rocks and finds sedimentary minerals richer in 
O'8 than those of igneous origin. This indicates at least a partial equilibra- 
tion with the water. Atmospheric O'8 has been extensively studied by Dole 
(34). 

Variations in the natural abundance of deuterium have been the subject 
of a recent paper by Harteck & Suess (35), who point out that the deuterium 
content of free hydrogen in the atmosphere is 25 per cent enriched over that 
in ordinary water. The difference is probably due to the escape of light 
hydrogen from the earth’s gravitational field, or possibly to the selective 
oxidation of light hydrogen by ozone. A bibliography containing 2,000 
references to the published literature on deuterium and deuterium com- 
pounds has been edited by Kimball, Urey & Kirshenbaum (36). 

Since the appearance of Thode’s review in 1948, he and his co-workers 
have measured isotopic variations for a number of elements. Boron (37), 
sulfur (38), and germanium (39) all show significant variations in natural 
abundance of the isotopes. For sulfur compounds, Tudge & Thode (40) 
have calculated the equilibrium constants of exchange reactions likely to 
occur in nature. They conclude that appreciable fractionation must be 
expected both in the laboratory and in nature. Meteoric sulfur (41) shows 
no similar variation in isotopic composition; Trofimov (42) has reported 
parallel results on meteoric carbon. 

Variations in the natural He*/He‘ ratio are the widest observed for iso- 
topes of any element. Coon (43) and Aldrich & Nier (44) report that helium 
from natural gas wells may contain as little as 1/24 as much of the light 
isotope as does atmospheric helium; helium from lithium minerals may be 
even richer in He’ than is the atmospheric source. These observations lead 
to the conclusion that there are independent sources of the two isotopes as 
end-products of nuclear disintegration. 


ISOTOPE EFFECTS 


Effects on the mass spectra of molecules.—Isotope effects on molecular 
fragmentation by electron impact are well known for deutero compounds. 
Work by Turkevich et al. (45) is typical, and the sizable effects observed 
are not unexpected in view of the large percentage difference in mass of the 
hydrogen isotopes. In 1948, Beeck, Otvos, Stevenson & Wagner (46) re- 
ported a surprisingly large effect of C'-substitution on the dissociation 
mass spectrum of propane. In a sample containing 54 atom per cent C® in 
the 1-position, the dissociation probability of a C’-C!* bond was decreased 
by 12 per cent, and the dissociation probability of the remaining C!-C™ 
bond was increased by 7 per cent. Work by Dibeler et al. (47, 48) and by 
Schaeffer & Hastings (49) on diatomic molecules and carbon dioxide has 
been reviewed by Schaeffer (50). Explanation of the isotope effect is based 
on the Franck-Condon principle. The probability of finding, at the instant 
of impact, a particular molecular configuration which will lead to dissociation 
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will be determined in part by the masses of the atoms. In polyatomic mole- 
cules, Schaeffer assumes that those bonds will break for which the instan- 
taneous internuclear distance is within the critical limit, with no possibility 
of distributing the excess potential energy among other bonds. Although 
this assumption is questionable, in view of the frequent occurrence of re- 
arrangement peaks in mass spectra, the proposed methods of calculation 
lead to reasonable agreement with experimental results. 

Effects on chemical equilibria.—Equilibrium constants for isotopic ex- 
change reactions may, in simple cases, be calculated from spectroscopic data 
alone. Work in this field has been reviewed and extended by Urey (29) 
and methods of calculation simplified by Bigeleisen & Mayer (51), so that 
it is well recognized that some fractionation of isotopes will occur in all 
chemical equilibria. In general, this effect will be negligibly small in com- 
parison with other uncertainties in most tracer reactions. Exceptions will 
occur mostly in the case of deuterium, or even more in the case of tritium, 
where the magnitude of the effects is well known. As an example, dissociation 
and exchange equilibria between six pairs of the hydrogen and tritium 
halides have been calculated by Bigeleisen (52). The equilibrium constants 
range downward from 5.68, for the reaction between tritium fluoride and 
hydrogen iodide, to 1.42, for that between tritium bromide and hydrogen 
iodide. For elements other than hydrogen, the magnitude of the discrimina- 
tion, as measured by the deviation of the equilibrium constant from unity, 
will be little more than 1 or 2 per cent for the light elements and undetectable 
for the heaviest ones. 

Effects on reaction rates.—Since 1948, the effect of isotopes on reaction 
rates has received increasing attention. Because tracers are commonly used 
to study systems in which competing reactions may utilize the isotope simul- 
taneously, or in which the product of a single reaction may be examined for 
isotope content at a stage far from equilibrium, it is important to recognize 
that tracer atoms may not behave identically with the bulk of the element 
being traced because of differences in reaction rates. Daniels (53) discussed 
this subject in the 1950 review of chemical kinetics. 

In 1948, Stevenson, Wagner, Beeck & Otvos (54) studied the thermal 
cracking of propane-1-C and examined the hydrocarbons of lower molecular 
weight in the mass spectrometer. They found that the C-C” bond was 
broken with 8 per cent greater frequency than was the C’#-C bond. In the 
isomerization of propane-1-C™ on aluminum bromide, the same authors 
(55) reported an effect of approximately 5 per cent in the same direction. 

Early in 1949, results of Yankwich & Calvin (56) on the decarboxylation 
of malonic and bromomalonic acids labeled with C™ again drew sharp 
attention to the possibility of large variations in isotopic reaction rates. The 
frequency of rupture of C'?-C!* bonds in malonic acid was 1.12 times that of 
C.C™ bonds, and in bromomalonic acid, a corresponding ratio of 1.4 was 
observed, based on the C'*-activity of the carbon dioxide and of the mono- 
carboxylic acid. It should be noted, however, that the authors of this paper 
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state that the bromomalonic acid used was not of great purity. Since the 
presence of contaminants which may yield inactive carbon dioxide upon 
heating is not excluded, the rate effect must be viewed with caution. 

The work described above has been reviewed by Bigeleisen, and a theory 
has been developed by him for the isotope effect to be expected from the 
theory of absolute reaction rates (57 to 60). In the first of these papers, 
Bigeleisen derives the ratio of rate constants for reactions involving isotopic 
molecules in terms of the appropriate symmetry numbers, effective mass of 
the activated complex along the reaction coordinate, and functions of the 
normal vibrations of the molecule and of the activated complex. The maxi- 
mum effect on reaction rates would occur when no vibrations were present 
in the activated complex. This would correspond to the case of the tracer 
atom appearing in the activated complex unattached to other atoms. In 
general, reaction rates for light molecules will be greater than for their 
heavy analogues. The opposite will be true only if the initial state of the 
reacting particles is that of free atoms (60). The maximum ratios of rates 
calculated by Bigeleisen (57) are: H'-H?, R=18; H'-H’, R=60; C?-C}3, 
R=1.25; C2-C%, R=1.50; N*-N%, R=1.14; O'%-O!8 R=1.19. The dif- 
ferences between H? and H*and between Cand C* illustrate the advantage 
of selecting a tracer with a minimum mass difference when reaction rates 
may influence the results. 

Application of this theory to a specific case depends upon the choice of 
a model for the activated complex, although the maximum effect may be 
calculated independently. Bigeleisen (58), in discussing the thermal cracking 
of propane, chooses the activated complex consisting of two free methyl 
groups and one free methylene group. On this basis, he calculates the proba- 
bility of breaking C'?-C™ bonds to be 1.024 times that for C!*-C™ bonds, at 
a temperature of 800° K. He is unable to explain the larger effect found 
by Beeck et al. In a similar commentary on the malonic acid results, Big- 
eleisen (59) calculates the maximum isotope effect to be 1.04 for either 
malonic or bromomalonic acid. Bigeleisen & Friedman (61) reinvestigated 
the decarboxylation of malonic acid by following the natural C' content of 
the carbon dioxide evolved. In this case, the maximum theoretical effect was 
1.02; experimental results were between 1.035 and 1.039. Pitzer (62), while 
agreeing with Bigeleisen’s theory and formulae in general, questions the 
particular choice of a simplified model of the activated complex used in 
work with malonic acids. He suggests the model R-C(:O)-OH, with the 
simplifying assumption that the mass of both R and OH be assumed equal 
to 16. On this basis, he arrives at a theoretical value of 1.14 for the relative 
probability of breaking C'?-C' or C-C™ bonds. The corresponding figure 
would be 1.07 for the case of C’. This calculation appears to be in good agree- 
ment with the experimental work on radioactive malonic acid (R=1.12), 
but in less satisfactory agreement with the work on natural C™ material. 
Pitzer’s choice of a model for the activated complex still leaves unexplained 
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the large discrimination found for bromomalonic acid. Pitzer also feels that 
data on thermal cracking show larger isotope effects than expected from 
any simple rate theory. 

Lindsay, McElcheran & Thode (63) have measured the isotope effect 
in the decarboxylation of oxalic acid using the naturally occurring C'. In 
this decomposition, carbon dioxide, carbon monoxide, and water are formed. 
The C appears preferentially in the carbon dioxide by a factor of 1.033, and 
its presence in the oxalic acid changes the total decomposition rate by a 
factor of 0.967. 

Stevens & Attree (64, 65) have studied the effect of substituting C™ on 
the rate of the benzoin condensation and the Cannizzaro reaction, as well 
as on the rate of the alkaline hydrolysis of C'-carboxyl-labeled ethyl ben- 
zoate. In the first two of these reactions, any difference in rate constants 
for labeled and unlabeled molecules was less than the counting error of 1.5 
per cent. In the alkaline hydrolysis, the C-tagged material reacted more 
slowly by a factor of 0.86+0.016. 

Weigl & Calvin (66) have noted briefly a serious effect occurring in the 
absorption of labeled carbon dioxide during photosynthesis. Weigl (67) 
states that the absorption of CO, by the plant is about 17 per cent slower 
than that of CO. An effect of such magnitude, if confirmed, would be of 
major importance. Experiments in this field are complicated by plant 
respiration with its release of unlabeled carbon dioxide, and by possible 
exchange reactions. The use of simultaneous labeling with C and C may 
aid in the solution of this problem. 

In all of the preceding reaction rate effects, it must be recognized that 
the seriousness of the discrimination diminishes as the reaction proceeds 
more nearly to completion. A recent note by Armstrong et al. (68) points 
out the importance of carrying to completion all reactions used in preparing 
samples for isotopic ratio determinations. When xanthydrol ureide labelled 
with C™ in the urea residue only was oxidized in the wet state, the first 77 
per cent of the carbon dioxide evolved contained only 0.3 per cent as much 
activity per milligram of carbon as did that in the last 23 per cent evolved. 
When the oxidation was carried out by a dry combustion, the first fractions 
showed an enhancement of C™ content. Similar results were obtained on 
urea and urea nitrate, although the discriminations were less severe. Corn- 
forth & Popj&k (69) used chromic acid to oxidize ethanol containing 40 
atom per cent deuterium in the CHe group. Acetaldehyde, isolated as an 
intermediate before completion of the reaction, was found to contain 60 
atom per cent of the isotopic variety CH;CDO. The authors conclude that 
CH;CHO is destroyed at a much higher rate than is the heavier analogue. 


ISOTOPE SEPARATION METHODS 


General.—Methods for isotope separation have been reviewed by Urey 
(70), Dunlap & Lichtenstein (71), and Stewart (72) among others. The 
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Smyth report (73) describes many of the processes tested in the separation of 
U5, Reviews of similar activities in Germany during the war are given by 
Dickel (74) and by Groth (75). 

Thermal diffusion—The thermal diffusion process for the separation of 
isotopes has received more attention in the period covered by this review 
than any other single process. A bibliography (76) issued in February, 1950 
contains 322 references to the process of thermal diffusion. The theory of the 
method was discussed in detail by Jones & Furry in 1946 (77); only a few 
of the more recent papers can be mentioned here. 

Becker (78) has investigated thermal diffusion at pressures up to 26 
atm. Turbulence at this pressure increases the sharpness of separation by 
20-fold, while decreasing the yield by only 20 to 30 per cent. Dickel (79) 
has calculated the theoretical thermodynamic efficiencies of short thermal 
diffusion columns and concludes that proper selection of operating conditions 
should give greatly improved results. 

Drickamer and co-workers (80 to 83) have investigated thermal diffusion 
in the critical region. Even at relatively low pressures, they conclude that 
simple kinetic theory does not explain the thermal diffusion effects observed. 
Klemm (84) has derived an expression for the dependence of concentration 
of a rare isotope on time, assuming an infinitely long separation tube with 
a finite reservoir at the end. The general form of the equation is applicable 
to any fractionation process. Waldmann (85) has proposed certain simpli- 
fying assumptions which, if applied to the complicated picture existing in a 
real gas, enable one to calculate the isotopic enrichment to be expected. 
Whalley & Winter (86, 87) have also proposed an elementary theory of 
thermal diffusion with certain simplifying assumptions regarding the transfer 
of momentum between dissimilar molecules. These equations give reasonable 
results when the effects of masses and of diameters tend in the same direction 
in their influence on thermal diffusion. 

Numerous papers have appeared on apparatus for thermal diffusion and 
on the separation of specific isotopes. The stable isotope He® has been 
concentrated by McInteer, Aldrich & Nier (88), and by Schuette, Zucker 
& Watson (89) who obtained a maximum change in the He*/He? ratio of 
3.310%. They conclude that the thermal! diffusion is less efficient than 
expected, probably due to remixing. Clusius & Dickel (90), in restudying 
the separation of C by thermal diffusion in methane, reached a maximum 
of 17 per cent C*H, with a simultaneous production of 0.9 per cent C"H;D. 
Because of the presence of deuterium, pure C'%H, cannot be obtained directly. 
They suggest a preliminary concentration of C! in the form of carbon monox- 
ide, which could then be converted to methane with pure hydrogen for final 
steps in the concentration. Clusius (91, 92) has also prepared 99.8 per cent 
N® by thermal diffusion, although it was necessary to provide for the 
catalytic equilibration of N2!4, N4*4N", and N2!. 

The oxygen isotopes have been separated by Lauder (93) and by Whal- 
ley, Winter & Briscoe (94, 95) using thermal diffusion in oxygen gas. Davies 
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& Kendall (96) found, using water vapor, that the molecule H,O'* concen- 
trates at the top of the column when the cold wall is operated at 100° C. 
and the hot wire at 900°C. 

Neon of mass 20 has been separated in high purity by Clusius & Huber 
(97), and the heavy isotope, Ne*, has been concentrated by Watson, Onsager 
& Zucker (98). The latter describe a compact, all metal, multi-stage thermal 
diffusion apparatus for operation at pressures up to 175 pounds per square 
inch. The optimum pressure for any particular gas may be calculated to 
give a maximum separation factor in the final stage, where efficiency is 
most important. 

Clusius (99) has concentrated the heavy isotopes of xenon and has 
collected a fraction of average atomic weight 134.32, in comparison with 
the normal atomic weight of 131.31. 

Chemical exchange-—The equilibrium between hydrogen cyanide gas 
and dissolved cyanide ion, used for separating C™ (100), has been reinvesti- 
gated by Becker and co-workers (101, 102). A serious difficulty in this 
process has always been the-separation of a cyanogen-type polymer from 
the alkaline aqueous phase, interfering with continuous operation of the 
fractionating columns. Becker suggests that the equilibrium between gaseous 
hydrogen cyanide and the same substance dissolved in acetic acid be used 
to avoid polymerization. Preliminary measurements, however, gave a value 
of only 1.0019 for the equilibrium constant, which indicates a much smaller 
separation effect than is obtained in the aqueous system. In acetic acid, the 
C is concentrated in the liquid phase. 

The concentration of S* by chemical exchange between sulfur dioxide 
and bisulfite ion (103) has been the subject of further investigation by 
North (104). This work has suggested that increasing the temperature may 
have a favorable influence through rate increases which more than com- 
pensate for any decrease in equilibrium constant with increasing tempera- 
ture. Similar results for O'8 have been observed by Boyd (105), who has 
studied the exchange between carbon dioxide and dissolved bicarbonate ion 
at temperatures up to 120°C. and pressures up to 150 pounds per square 
inch. Previous work with this exchange has given much lower column efficien- 
cies owing to the relatively slow reaction between carbon dioxide and water. 

Little has been published in the United States since the end of the war 
on the practical application of chemical exchange to the separation of 
deuterium. According to Smyth (73), this method was responsible in part 
for the production of deuterium achieved in the atomic energy project. In 
a paper based on work in the same field in Germany, Suess (106, 107) has 
reviewed the exchange equilibria between hydrogen, deuterium, and water 
and also between light and heavy water and hydrogen sulfide. Groth (108) 
refers to additional work by Harteck & Suess, in which the separation of 
deuterium was carried out by catalyzed exchange with water in a series of 
columns. Alternate units were operated at 500°C., where the equilibrium 
constant is near unity, and at 100°C., where deuterium is enriched by a 
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factor of 2.7 in the water vapor. Groth also refers to work by Geib on the 
exchange between HO and HDS at 100°C. and at 5°C. Using a column at 
each temperature, one above the other, with a countercurrent flow of water 
and hydrogen sulfide, he was able to concentrate deuterium in the gas 
phase in the lower column and in the liquid phase in the upper column so 
that enriched material could be withdrawn between the units. 

Centrifugation—German developments in centrifugation have been 
described in a recent series of papers. Beyerle et al. (109) have tested a multi- 
compartment centrifuge on the separation of xenon, krypton, selenium, and 
uranium isotopes. Martin (110) has discussed the theory of convection 
processes in a strong gravitational field, and Groth & Harteck (111) have 
reported that the enrichments predicted by theory were obtained only 
when the mixture contained up to 90 per cent hydrogen to reduce turbulence. 

Electrolytic migration and exchange-—Papers by Madorsky & Straus 
(112) have described the partial separation of chlorine and copper isotopes 
by countercurrent electromigration through packed columns. Klemm (113) 
has calculated the transfer velocity ratio of isotopic ions as a function of 
their difference in mobility, hydration, and dissociation. Using electrolytic 
migration in molten thallium chloride, Klemm et al. (114) obtained a change 
in the Tl?%/TI?® ratio corresponding to a difference in migration rates of 
0.4 per cent. The same authors have obtained a concentration of the lighter 
isotopes of cadmium by ionic migration in molten cadmium chloride. 

An interesting extension of electrolytic migration to utilize a simultane- 
ous concentration by chemical exchange has been proposed by Martin 
(115, 116). In this process, a countercurrent flow of charged particles is 
caused to occur with respect to uncharged, or oppositely charged, particles 
by means of an electrolytic current. Thus, ions such as H30t or NH,* move 
electrolytically toward the cathode, while the corresponding uncharged 
molecules, H2O or NHs, pass through the solution in the opposite direction 
and are removed by separate processes at the anode. Within the single 
phase, chemical exchange can take place at each point along the path. 
Calculation shows that the separation factor will pass through a maximum 
with increasing electrolytic field intensity. The optimum value of field 
intensity enables one to estimate the velocity of the exchange reaction. 
Theory suggests that a relatively high concentration of isotopes may be 
produced by this method, but experimental detail is not yet available. 

Distillation—Brewer & Madorsky (117, 118) have described and 
patented a method of countercurrent molecular distillation. When applied 
to mercury, the maximum change in density of the metal was reported to 
be 15 parts per million per theoretical plate in the apparatus. 

The low temperature distillation of liquid hydrogen has been reinvesti- 
gated by Clusius & Starke (119) as a method for the concentration of 
deuterium. The initial separation of HD must be followed by re-equilibration 
and further rectification in order to obtain D2. The distillation of carbon 
monoxide suggested by Urey (29) has been applied to the separation of 
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C on a semi-commercial scale at the Atomic Energy Research Establish- 
ment, Harwell, England (120). The heavy fraction of carbon monoxide 
contains 66 per cent C“O"* and approximately 4 per cent C"O'%, and is 
produced at a rate corresponding to 2.8 gm. of C8 per week. 

Electromagnetic sepuration.—Electromagnetic separation of the isotopes 
of the heavier elements is the principal means by which research quantities 
of such materials are being prepared at present. Keim and co-workers (121) 
have published summaries of the results which have been achieved, and the 
Atomic Energy Commission issues lists of the materials available from 
time to time. Mass spectrometers of more modest dimensions, yet capable 
of producing useful quantities of separated isotopes, have been described 
by Bernas & Nier (122) and by Bergstrém et al. (123) among others. 

Ion exchange.—Ion exchange is the subject of another review in this 
volume where a detailed treatment will be found. Weil (124) and Davies 
(125) have reviewed its application to isotope separation. Glueckauf, Barker 
& Kitt (126), continuing the earlier work of Taylor & Urey (127) on the 
separation of lithium isotopes, have reported ‘‘disappointing”’ results, since 
the amount of material separated was far smaller than predicted by theory. 
Possibilities for a true countercurrent separation involving ion exchange 
have been pointed out by Dickel (128). In one suggested process, a cation 
exchanger, saturated with a mixture of ions to be separated, moves down- 
ward through a vertical column; at the bottom, the ions are removed into 
a liquid phase which flows upward. In an alternate process, the exchanger 
is first saturated with an auxiliary ion which exchanges easily with the ions 
to be separated in solution. The saturated exchanger is fed into the top of 
the column and the solution flows upward from the bottom. Experimental 
results have not yet appeared. 

Miscellaneous separation methods.—Cichelli, Weatherford & Bowman 
(129) have suggested a method for the separation of gases which appears to 
be applicable to the separation of isotopes. In this ‘“‘sweep diffusion”’ process, 
a readily condensible vapor is made to diffuse through a mixture of gases 
toward a condensing surface. The flowing vapor carries, or “‘sweeps,”’ toward 
the condensing surface those components of the gas which have lower rates 
of diffusion through the vapor. If sweeping takes place in a radial direction 
in a vertical column, the center of which is maintained at a higher tempera- 
ture and the outer wall of which forms the condensing surface, a counter- 
current flow of the gas will take place, resulting in a multiplication of the 
simple sweep-diffusion effect. Experimental details have been reported for 
the partial separation of oxygen from nitrogen in air, and of hydrogen from 
natural gas mixtures, while calculations have been made for the case of 
C'S separation in methane. 

An interesting modification of chemical exchange carried out between 
two gases in a column similar to that used in thermal diffusion has been 
described by Taylor et al. (130, 131). In a typical system, a mixture of carbon 
dioxide and carbon monoxide undergoes chemical exchange along the 
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column, while at one end the carbon dioxide is converted to carbon monoxide 
by reaction with zinc at 400°C. The carbon monoxide returns through the 
column countercurrent to the carbon dioxide. The transport of C' in this 
gaseous exchange method is somewhat less than for equal power consumption 
in thermal diffusion, but a higher concentration is achieved in a given length 
of column. The efficiency of the method seems low in comparison with 
most chemical exchanges between gaseous and liquid phases. 

The differences which exist between He*® and He‘ in the liquid state 


below 2.19°K. have been the subject of widespread study for a number of, 


years and cannot be reviewed in detail here. These differences are a matter 
of kind rather than of degree, and stem from a fundamental difference in 
the type of statistics obeyed by the two nuclei. London (132) has summarized 
the situation from the standpoint of theory, pointing out that He‘, in the 
liquid helium II state, exhibits properties of superfluidity which should be 
lacking in He*. Daunt ef al. (133) have verified this by allowing superfluid 
flow to take place in a film while preventing gas flow. Results showed that 
He’ was at least partially filtered out, but the effect was small. A much 
more efficient separation of He*® was achieved by Lane, Fairbank, Aldrich 
& Nier (134, 135), who set up internal superfluid flow by establishing a 
temperature gradient within the liquid. In a process analogous to convection, 
He‘ atoms in the superfluid state flowed toward the source of heat and there 
received energy converting them to the normal state. The normal atoms 
returned toward the cold end, where the opposite process took place. The 
He’ atoms did not take part in this superfluid flow, and so were “heat flushed’”’ 
toward the cold surface. Results show that essentially all of the He® in the 
liquid can be flushed out with a very small power input. Because of the 
initial low concentration of He’, the final concentration observed is a function 
of how large a volume has been flushed and how large a sample is taken, but 
it appears that pure He* could be obtained in this way. In actual practice, 
it has been more convenient to obtain He® for research purposes by col- 
lecting it as the decay product of tritium. Here, the necessary separation is 
between isotopes of hydrogen and helium, and this can be done by con- 
ventional methods, such as diffusion through a palladium valve. Abraham, 
Osborne & Weinstock (136) have described such a procedure in connection 
with measurements of the properties of pure liquid He’. 
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Berkeley, California 


INTRODUCTION 


In the previous volume of this series, Libby (1) has reviewed the principal 
developments in the field of nuclear theory and radioactivity during the 
period 1939 to early 1950. In the present chapter, we discuss more recent 
achievements and also certain work done since about 1946 for which Libby 
found space for only brief mention. 

The field of nuclear reactions was dominated by neutron-induced trans- 
mutations from 1939 to 1945, and the chain-reacting pile continues to be the 
principal source of radioactive tracers. However, since 1946 the accelerators 
for charged particles, cyclotrons, synchrocyclotrons, betatrons, synchro- 
trons, and linear accelerators have been the source of most of the newly dis- 
covered radioactivities. In particular, particles and photons in the hundred- 
million-volt range have greatly extended the kinds of transmutation reac- 
tions which are possible and have made possible for the first time the arti- 
ficial production of mesons. It is interesting that after more than 50 years, 
discoveries continue to be made among the natural radioactivities. 

No attempt is made in this review to describe the use of radioactivities as 
tracers in investigations in other fields of research, such as the study of the 
kinetics and mechanisms of chemical reactions, nor is the technology of the 
production of tracers considered except as it relates to the discovery of new 
radioactive nuclides. It may also be mentioned that many of the latest re- 
sults in the field of radiochemistry are covered in the recent excellent mono- 
graph by Broda (2). 


TRITIUM IN NATURE 


The possibility that decay of tritium (12.4 year beta particle emitter), 
formed in the upper atmosphere by transmutations induced by cosmic rays, 
may be the source of the helium-3 found in nature has led two groups to 
search for the radioactivity of tritium in natural hydrogen. Faltings & Har- 
teck (3, 4) found the radioactivity of tritium in ethane which was synthe- 
sized from hydrogen removed from the helium-neon fraction from the lique- 
faction of 10° cu. m. of air. The radioactivity found corresponds to one atom 
of tritium in 10 cc. of air. Grosse, Johnston, Wolfgang & Libby (5) found 
radioactivity in highly concentrated heavy water from Norway in amounts 
corresponding to about one atom of tritium in 10'8 atoms of hydrogen in the 


' The survey of the literature pertaining to this review was concluded in January’ 
1951. 
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original surface water. The latter concentration, in terms of fraction of 
tritium in hydrogen, is apparently some 10,000 times less than the former. 
The results of these investigations make it appear probable that an ap- 
preciable fraction, if not all, of the helium-3 in atmospheric helium has its 
origin in such tritium. 


NATURAL RADIOACTIVITY OF INDIUM AND LANTHANUM 


The development of a scintillation y-ray spectrometer of extreme sensi- 
tivity enabled Pringle, Standil & Roulston (6) to discover gamma radiation 
associated with the decay (probably by electron capture) of natural La!®, 
This nuclide was presumed to be unstable when discovered by Inghram, 
Hayden & Hess (7) because of the stable isobars Ba'* and Ce!’, but until 
now, its radioactivity had escaped detection. The half-life is estimated as 
1.2 X10" years, if one y-ray accompanies each disintegration. 

Martell & Libby (8) discovered an energetic natural beta radiation in 
indium. Two nuclides, In and In", are isobaric with other naturally oc- 
curring nuclides, Cd'3 and Sn"™5, Measurement of isotopically enriched sam- 
ples of indium gave conclusive evidence that the origin of the beta radiation 
is the In" isotope. The half-life is estimated as 6X10" years. 


PLUTONIUM IN NATURE 


The discovery of naturally occurring plutonium was reported in 1942 by 
Seaborg & Perlman (9) who chemically separated the plutonium from a 
sample of Canadian pitchblende concentrate and estimated the plutonium 
content of the ore to be roughly one part in 10" by weight. From considera- 
tions of possible methods of formation of plutonium, it was assumed that the 
plutonium was Pu®**. The most logical method for the formation of Pu?*® 
would be the capture of a neutron by a U8 nucleus, forming U**® which 
decays to Pu®* by the emission of beta particles as follows: 


U338 + n— ux npa®, Pu”, 


The neutrons available for capture would be those emitted during the spon- 
taneous fission of uranium, those resulting from the action of alpha particles 
on the nearby light elements, and those from cosmic rays. 

A further investigation of naturally occurring plutonium has been carried 
on by Peppard and co-workers (10) and also by Levine & Seaborg (11). 
Peppard and co-workers extracted the plutonium from Belgian Congo pitch- 
blende concentrate and determined a concentration of 7.0+0.7 parts of Pu? 
in 10 parts of concentrate. They isolated microgram quantities of Pu?® 
from the process wastes from very large amounts (ton quantities) of the 
pitchblende. They proved by mass spectrographic and alpha particle analy- 
sis that the plutonium consists of Pu®** and no other isotopes, with the follow- 
ing upper limits compared to 100 parts of Pu?*® set for other isotopes: Pu’, 
0.0003; Pu*®, 1; Pu, 1; Pu®*, 0.01; Pu™, 1. 
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Levine & Seaborg chemically separated plutonium fractions from seven 
different ores and determined the ratio of plutonium to uranium in order 
to try to establish the relative importance of the above mentioned three 
sources of neutrons. The results are shown in Table I. A consideration of the 
composition of the ores together with these results makes it appear likely 
that in the cases of the pitchblende ores, the spontaneous fission of uranium 
and (a, m) reactions contribute the major portion of the neutrons. In thorium 
ores that contain a low abundance of uranium, neutrons from (a, ”) reactions 
are probably dominant. Cosmic rays are relatively unimportant as a source 


TABLE I 


SUMMARY OF RESULTS 














Pu*/ore Pu®?/uranium 

Pitchblendes: 

Canada (13.5 per cent U) 9.110" 7.1X10-" 

Belgian Congo (38 per cent U) 4.8x<10-" 12 x<10°% 

Colorado (50 per cent U) 3.8X10-" 7.7X10-" 
Monazites: 

Brazil (0.24 per cent U) 2.110" 8.3X10-” 

North Carolina (1.64 per cent U) 5.9X10-" 3.6X10-" 
Fergusonite: 

Colorado (0.25 per cent U) <i x10 <4 X10-" 
Carnotite: 

Colorado (10 per cent U) s4 X10 <0.4xX10-" 





of neutrons. The lower concentration of plutonium in carnotite and ferguson- 
ite is a result of the presence of neutron absorbing impurities in these ores. 

The results of these investigations are in agreement with the data obtained 
by Seaborg & Perlman (9) if the chemical yield of plutonium obtained by 
them is re-estimated. Considering the now-known chemical properties of 
plutonium, a 10 per cent yield of plutonium from the Canadian pitchblende 
by the chemical separation process used by them appears reasonable. A 
recalculation of their data indicates 1 part plutonium per 1.8 X10" parts ore, 
or a Pu®® to ore ratio of 5.5 X10~-. The original calculations (9) assumed a 
high chemical yield, and the results were rounded off in a conservative man- 
ner actually representing a lower limit. 


RADIOACTIVE DECAY OF THE NEUTRON 


Recoil protons from the beta decay of a beam of free neutrons in high 
vacuum have been observed by Snell, Pleasonton & McCord (12) and by 
Robson (13). Snell and his co-workers also measured coincidences between 
these protons and particles which behave like beta particles of the proper 
energy to correspond to the known mass difference between neutron and 
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proton. Great experimental difficulties make the determination of the abso- 
lute counting rate somewhat uncertain, but both sets of results are con- 
sistent with the half-life of about 20 min. calculated for an allowed transition. 


SPALLATION 


A conspicuous characteristic of nuclear transmutations induced by pro- 
jectiles in the hundred-million-volt range is the multiplicity of reactions 
which occur. The study of these reactions has, on the one hand, led to the 
discovery of numerous new artificial radioactivities and, on the other, given 
considerable information concerning the interactions of nucleons with nuclei 
at high energies. The principal reactions can be classified either as fission, if 
at least two reasonably heavy fragments result, or as spallation, if the escape 
of individual nucleons, deuterons, tritons, alpha particles, or other light frag- 
ments leaves a single heavy residue. 

The reactions which take place when nuclei are bombarded by nucleons 
with energies up to 25 M.e.v. or by helium ions with energies up to 50 M.e.v. 
are well described by Bohr’s theory of the compound nucleus (14) which in- 
volves capture of the projectile and excitation of the whole nucleus with sub- 
sequent photon or particle emission. Serber (15) has described the encounters 
between particles of higher energy and nuclei by treating the process as a 
series of collisions between individual nucleons. The mean free path of a 
nucleon of 100-M.e.v. energy in nuclear matter is about 4X10-" cm. It 
gives up, on the average, about 25 M.e.v. in its first collision. Thus, in a 
reasonably heavy nucleus, some projectile particles will be captured, accord- 
ing to the picture of Bohr, but many will escape with considerable kinetic 
energy. After these initial events, the residual highly excited nucleus dissi- 
pates its excess energy by boiling off fragments. The experimental facts sup- 
port this picture in general. No treatment yet predicts quantitatively the 
yields of the various spallation reactions. 

The experiments of Cook, McMillan, Peterson & Sewell (16) on the 
scattering by nuclei of neutrons of about 90 M.e.v. show clearly that nuclei 
are partially transparent to high energy neutrons, and the experimental data 
are consistent with the theory of Serber (17). 

The ultimate fate of the highly excited nucleus has been studied in a num- 
ber of cases by measurement of the yields of radioactive products. Lindner 
& Perlman (18) found, from the irradiation of antimony with 380-M.e.v. 
helium ions and with deuterons of various energies up to 190 M.e.v., a con- 
tinuous distribution of products from the neighborhood of the target nuclides 
down through several elements. With 190-M.e.v. deuterons, they extended 
to those lower by about 12 units of atomic number and 35 mass number units. 
For almost every element, radioactive nuclides were found on both sides of 
the region of beta stability, that is, with excess of neutrons and deficient in 
neutrons. Thus, several protons must be ejected in some events, either indi- 
vidually or as components of deuterons, alpha particles, etc. Considerably 
higher yields of the neutron deficient products show that neutron emission is 
the more likely process, as expected from the coulomb barrier effect. In line 
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with the theoretical model, the yield is a more or less continuous function of 
A and Z of the product; on this basis, considerable production of stable 
nuclides is to be expected. 

Results which are qualitatively similar to those for antimony were ob- 
tained by Hopkins (19) for the irradiation of arsenic with 190-M.e.v. deuter- 
ons, and by Miller, Thompson & Cunningham (20) for similar irradiation of 
copper. At these lower atomic numbers, the preference for neutron emission 
is much less important. Bonner & Orr (21) used a complementary approach; 
they measured the yield of two nuclides, Mn and Mn, produced by 
190-M.e.v. deuterons in targets consisting of elements from chromium to 
strontium (Z=24 to 38). With targets of lower Z, the neutron deficient 
nuclide predominated and yields of both were relatively high. With targets 
of higher Z, where greater excitation was required, the yields of both fell off 
and the yield of Mn*, requiring less energy, predominated. 

No extensive study of high energy spallation yields from a very heavy 
nucleus has yet been published. The earliest work at Berkeley on bismuth 
and uranium showed complicated mixtures of nuclides of many elements. 
O’Connor & Seaborg (22) showed that the products of spallation of uranium 
by 380-M.e.v. helium ions extend at least to tungsten and probably overlap 
the fission products. Investigations of the properties of the nuclides in the 
region from lead to uranium whose production is possible only by high energy 
spallation have proved to be extremely fruitful. 

Neumann & Perlman (23) found seven new isotopes of bismuth among 
the spallation products of lead. Karraker & Templeton (24) characterized 
several additional isotopes of polonium produced by spallation of bismuth. 
Similar work by Ghiorso, Meinke, Seaborg & Hyde on the spallation of 
thorium led to the discovery of several isotopes of emanation and francium 
(25, 26) and of the collateral radioactive series which are discussed below. 


NUCLEAR FISssION 


Soon after particles in the hundred-million-volt range became available 
from the cyclotron, Perlman, Goeckermann, Templeton & Howland (27) 
found that such neutrons, deuterons, and helium ions induce fission in ele- 
ments from bismuth (Z=83) to tantalum (Z=73). The cross section for 
fission estimated from the yields of radioactive fission products decreases 
rapidly with decreasing atomic number and also with decreasing energy of 
the incident particle. Kelly & Wiegand (28) obtained similar results for the 
cases of neutron fission of elements from platinum to bismuth, by direct 
counting of the fission recoils in an ionization chamber. Such ionization 
chambers with bismuth have proved to be very useful as neutron counters 
sensitive only to neutrons of energy above about 50 M.e.v. (29). 

The distribution among products for this high energy fission process is 
markedly different from the distribution found for low energy fission. The 
curve of yield at each mass number versus mass number has a single maxi- 
mum; that is, the preferred mode of fission is into two fragments of nearly 
equal mass. This symmetrical fission is also demonstrated by the work of 
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Jungerman & Wright (30), who measured the ionization produced by single 
recoil fragments from the neutron induced fission of bismuth. In contrast, 
the thermal neutron fission of uranium favors fragments with mass ratio about 
3:2, and symmetrical splitting is less probable by a factor of about 600. 
Goeckermann & Perlman (31) made an extensive study of the yields from 
the fission of bismuth with 190-M.e.v. deuterons. The peak of the curve is 
broad, with nuclides over a range of more than 50 mass numbers being 
formed in greater than 1 per cent yield. The maximum yield is at a mass num- 
ber of approximately 100. The ratio of neutrons to protons is nearly constant 
in those nuclei formed in highest yield for their mass number. Thus, the 
lighter fission fragments are B- emitters, while those on the high mass side of 
the distribution are neutron deficient and decay by 8* emission or by electron 
capture. As in high energy spallation, substantial yields of certain stable 
nuclides are to be expected. 

The mechanism of the fission of bismuth is believed to be as follows for the 
most probable modes. The compound nucleus (or excited nucleus, if the inci- 
dent particle is not captured) undergoes spallation; because of the coulomb 
potential barrier, neutron emission is most likely. In a case where about 10 
neutrons escape, the residual nucleus is sufficiently unstable toward fission 
that fission competes favorably with spallation. The fission must occur 
rapidly, allowing no time for a redistribution of the protons and neutrons; 
otherwise, further spallation dissipates the excitation energy. 

The preference for symmetrical splitting and for constant proton-neutron 
ratio seems to be characteristic of all fast fission reactions. Sugarman (32) 
found a single-peaked curve for the products of the fission of bismuth from 
irradiation with x-rays at an 85-M.e.v. betatron. This fission is probably 
photo-fission, but fission caused by secondary neutrons and protons in the 
beam has not been excluded. For uranium and thorium, the fission above 
100 M.e.v. is predominantly symmetrical (22, 30), while at intermediate 
energies, the probabilities of symmetrical and unsymmetrical splitting are 
more or less comparable (30, 33). It is interesting that the spontaneous fission 
of U8 is also asymmetric, according to ionization measurements by White- 
house & Galbraith (34) and to abundance ratios of isotopes of xenon and 
krypton extracted from pitchblende by Macnamara & Thode (35). 

Theoretical explanations for the asymmetry of slow fission and the sym- 
metry of fast fission have been proposed on the basis of potential barrier 
penetration (36, 37), energetics of neutron binding (38), nuclear closed shells 
(39, 40, 41), fluid dynamics of the liquid drop model (42), and closed shells 
combined with fluid dynamics (43). None of these explanations has yet been 
generally accepted. 

Batzel & Seaborg (44) have discovered among the medium weight ele- 
ments (such as copper, bromine, silver, and tin) reactions which probably are 
most properly described by the term fission. Very small yields of the products 
of such reactions as 

B+-p—Sc#4+ P4+-2n 
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are observed after irradiation with 350-M.e.v. protons. These reactions are 
only slightly exoergic or even endoergic with respect to mass balance. At 
such a high energy, spallation reactions like Br7® (p,p7n7a)Sc* are possible 
energetically, and the curve of yield distribution shows no minimum between 
fission products and spallation products. However, the energy requirements 
for fission, including potential barrier effects, are much more modest than 
those for spallation, and the products are found with irradiations made at 
energies well below the calculated spallation thresholds. 

It is interesting to note that the emission of nuclear fragments a little 
larger than alpha particles has been observed in high energy nuclear reac- 
tions on medium weight elements. The ‘‘hammer tracks” of Li® are very 
well known in reactions induced by cosmic radiation and have also been 
identified as a reaction product of 340-M.e.v. proton and 190-M.e.v. deuteron 
bombardments of some of the medium weight elements (45). Evidence has 
also been found for the existence of lithium isotopes as a reaction product of 
50 to 340-M.e.v. proton and helium ion bombardments of tin (46). Radio- 
active Be’ has also been identified as a product of 340-M.e.v. proton bom- 
bardments of some of the medium weight elements (46). Heavy fragments 
have also been observed in reactions induced by cosmic radiations (47, 48, 
49). 

NEUTRON BINDING ENERGIES 


Mass differences between the nuclides in the heavy region can be deduced 
for the members of a single decay series from observed values of the disinte- 
gration energies. In order to relate to other nuclides and to define the 
‘“‘nuclear energy surface’’ it is necessary to know the neutron (or proton) 
binding energies at some place in this region. The work of Harvey (50) on 
the proton and triton spectra resulting from the (d, p) and (d, t) reactions on 
bismuth and enriched lead targets gives values for the neutron binding ener- 
gies in lead and bismuth isotopes which are in good agreement with values 
derived by Kinsey, Bartholomew & Walker (51) from observations of the 
y-rays from (n, y) reactions. These values and others have been discussed 
by Huizenga and co-workers (52). 

The neutron capture y-ray energies have also been measured in the cases 
of a number of the lighter elements with an accuracy which is apparently 
much greater than any previously attained (53, 54, 55). 


COLLATERAL DECAY CHAINS 


A number of heavy alpha-particle emitting nuclides, members of decay 
chains which are ‘‘collateral” to the heavy radioactive series, have been 
observed and their radioactive properties characterized (56, 57, 58). Some 
of these undergo branching decay by orbital electron capture. The parent 
nuclides are produced in bombardments of thorium or uranium with high 
energy deuterons or helium ions in the 184-in. cyclotron. Chemical identifi- 
cation has been made in all cases where needed, and the alpha particle 
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energies have been measured through the use of an alpha pulse analyzer 
apparatus. The following are the collateral series which have been studied: 
Pa”6—+Ac*?->F r*!8_4A t?4(4n4+-2 mass type); 
Pa®??—+Ac23+F 29+ A t?"5(4n +3) ; 
Pa2’*—+Ac2>F 204A t26(4) ; 
U8 Th™* Ra” Em*!6(42) ; 
U®*— Th? Ra*! +Em?!7(4n+1). 


SYSTEMATICS OF ALPHA DECAY 


The first successful application of quantum mechanics in relation to the 
atomic nucleus was the satisfactory explanation about 20 years ago of the 
dependence of the half-life for alpha particle emission on the alpha energy 
and the atomic number (and radius) of the nucleus (Gamow; Gurney & 
Condon). The answer to another important question, namely, the depend- 
ence of the alpha particle energy (and therefore the half-life) on the mass 
number and atomic number, so that these radioactive properties could be 
understood and predicted for any nucleus Z4, was also sought from the 
beginning but with only limited success. The main difficulty in such an 
endeavor has been the lack of data, since only about 24 alpha-particle emit- 
ters, all members of the three natural radioactive series, were known as 
recently as about 10 years ago. 

Today there are about 100 heavy alpha decaying nuclear species known, 
the additional ones coming mainly from the artificially produced transura- 
nium elements, the recently prepared neptunium (4n+1) radioactive family 
which is missing in nature, and the above mentioned series of alpha emitters 
which are collateral to the four radioactive families. The data concerning 
these species have made it possible to add a great deal to our knowledge 
concerning the above mentioned questions, that is, to our understanding of 
the systematics of alpha radioactivity (59, 60, 61). 

With regard to the correlation between half-life and energy; it is now clear 
that the nuclei of the ‘‘even-even”’ type (even number of neutrons and even 
number of protons) conform well with the existing alpha decay theory, but 
all nuclear types with odd nucleons show hindered decay. The new data 
make it clear that the reason for this hindrance is not to be found in spin 
changes in the alpha emission, as previously thought, but in the fact that the 
odd nucleon hinders the assembly of the components of the alpha particle, 
consisting as it does of a pair of neutrons and a pair of protons. The correla- 
tion of alpha decay energy in terms of mass number and atomic number 
shows that for each element, the nuclides exhibit a regular increase in 
alpha energy with decrease in mass number except in the region of 126 
neutrons where there is a reversal due to the special stability, the ‘‘closed 
shell’”’ character, of 126 nucleons. This reversal has the effect of creating a 
region of relatively low alpha energy and long half-life at low mass numbers 
for such elements as astatine, emanation, and francium (atomic numbers 
85 to 87) and possibly higher elements as had been noted already for bismuth 
and polonium. In this region of tightly bound nuclei with abnormally small 


RADIOACTIVITY AND NUCLEAR THEORY 91 


nuclear radii, the half-life for a given alpha energy also is longer than 
usual, as expected on the basis of the quantum mechanical treatment. 

The present state of the correlations makes it possible to predict with con- 
fidence the alpha energy and half-life of the missing nuclei and even to 
predict the disintegration energies and, with less confidence, the half-lives, 
of a number of the missing beta particle emitting and orbital electron cap- 
turing (62) species in this region. Also, since the energy content of all of the 
nuclei above lead can be tied together by means of the data on the alpha 
particle emitters, together with the information on the beta particle emitters 
where the evaluation is at present more difficult because of lack of adequate 
data, it is now becoming possible to define the nuclear energy surface in 
this region, 


ALPHA ACTIVITY AMONG THE RARE EARTH ELEMENTS 


The discovery of alpha particle activity among the neutron deficient 
bismuth isotopes (63) stimulated Thompson, Ghiorso, Rasmussen & Seaborg 
(64) to search for alpha activity among lighter nuclides produced by spalla- 
tion. Two short-lived alpha activities were produced from gold, one as- 
signed to gold and one probably to mercury. However, bombardment of 
gadolinium and dysprosium with 200-M.e.v. protons yielded copious amounts 
of several alpha radioactivities with considerably longer half-lives. Mass 
spectrographic work by Rasmussen, Reynolds, Thompson & Ghiorso (65) 
assigned a group of 4.0-M.e.v. alpha particles of 4.0 hr. half-life to Tb'™®. 
The same investigators showed the pure Sm’? from the decay of Pm!" 
(a beta emitter of half-life two or three years) has alpha activity correspond- 
ing to the natural activity of samarium. This assignment of the samarium 
activity is in agreement with the tentative result of Dempster (66) and with 
the work of Weaver (67) who examined calutron enriched samples of all of 
the natural isotopes of samarium and found that the alpha activities were 
well correlated with the Sm" contents. These assignments, the fact that 
Sm! is missing in nature, and other tentative assignments based on less 
direct evidence are all consistent with the idea that the highest alpha decay 
energy for each element in this region is associated with the nuclide with 84 
neutrons, with the decay energies of neighboring nuclides following a pattern 
analogous to that described above for the 126-neutron region. Thus, Sm!‘ 
has a decay energy higher than that of Sm"’, and a half-life slightly too 
short for it to have persisted since the formation of the elements. 


CARBON ION TRANSMUTATIONS 


The acceleration of stripped C'? nuclei in the cyclotron was demonstrated 
by Alvarez (68), but the intensity attained was much too small to be useful 
for inducing transmutations. Miller et al. (69) have now achieved substan- 
tially larger beams of both C' and C'8 nuclei accelerated to somewhat over 
100 M.e.v. in the 60-in. Berkeley cyclotron, and have observed such trans- 


mutation reactions as: 
AP?(C®, an)Ci* 
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and 
Aut?(C#, 4n)At™, 


This technique of adding six units of charge in a single transmutation has 
obvious applications in the search for new nuclides, especially among the 
heaviest elements, and it has already been used in the study of the new 
element, californium, as described below. 


ELEMENTS 97 AND 98 


Two more transuranium elements have been discovered recently. The 
first isotope of the element with atomic number 97 was identified late in 1949 
by Thompson, Ghiorso & Seaborg (70, 71) as a result of its production in 
the Berkeley 60-in. cyclotron by the reaction, Am*!(a,2”)97*%, These 
investigators have suggested that the name berkelium be given to this ele- 
ment, after the city of Berkeley, in a manner similar to that used in naming 
its chemical homologue terbium (atomic number 65) whose name was de- 
rived from the town of Ytterby, Sweden, where the rare earth minerals were 
first found. The Bk** decays predominantly by electron capture with a 
half-life of 4.6 hr. 

An isotope of the element with atomic number 98 was identified early 
in 1950 by Thompson, Street, Ghiorso & Seaborg (72, 73) as a result of its 
production in the Berkeley 60-in. cyclotron by the following reaction: 
Cm*"(a,2n)98*4, These investigators suggested the name californium for 
this element in honor of the state and university where the work was done. 
The Cf** decays predominantly by alpha particle emission with a half-life 
of 45 min. This nuclide, as well as another nuclide, 35-hr. alpha-particle 
emitting Cf**, have been produced (74) through the bombardment of natural 
uranium with the above mentioned 100-M.e.v. C*® ions in the Berkeley 
60-in. cyclotron, according to the reactions U%8(C!2,6n)Cf** and U%8(C!2, 
4n)Cf**, These nuclides have been used to study the chemical properties of 
berkelium and californium by the tracer method with very interesting re- 
sults (75, 76). These investigations have given striking evidence as to the 
course taken in the filling of the 5f electron shell in the heavy region and thus 
lend confirmation to the view that these elements constitute an ‘“‘actinide” 
transition series (77). Berkelium exhibits (III) and (IV) oxidation states 
analogous to its homologue terbium, while only the (III) state has been 
demonstrated so far for californium, as is the case for its homologue dys- 
prosium. Through the use of columns packed with a cation exchange resin 
together with ammonium citrate solution as an eluting agent, a study was 
made of the comparative behavior of a number of homologous tripositive 
actinides and lanthanides. A remarkable analogy in the spacing of the elution 
positions was seen between the group californium-berkelium-curium- 
americium and the rare earth homologues dysprosium-terbium-gado- 
linium-europium. These spacings reflect the relative changes in ionic radii 
which determine the relative separations in the ion exchange adsorption 
method. Thus, these experiments showed that the same spacing in the changes 
in the ionic radius is encountered on filling in the 5f electron shell as occurs in 
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filling the 4f shell; therefore, it seems quite clear that curium represents the 
midway point (seven 5f electrons) in the actinide transition series of ele- 
ments in view of its position analogous to gadolinium. 


OTHER ARTIFICIAL RADIOACTIVITIES 


Several ‘‘delayed neutron emitters’”’ among the fission products of ura- 
nium are well known. A similar activity, of 4.2-sec. half-life, was discovered 
among the spallation products of light elements by Knable and co-workers 
(78). Alvarez (79) assigned this activity to N!7, which decays by beta emis- 
sion to a broad excited state of O'’, which then breaks up into a neutron plus 
O'*, Beta decay of N!? to the ground state of O'” has not been observed be- 
cause of high background effects, but it should have an energy of 8.7 M.e.v. 
The broad excited state lies 5.0 M.e.v. above the ground state and is, thus, 
0.9 M.e.v. higher than the binding energy of the last neutron, 4.12 M.e.v. 
Another delayed neutron emitter with half-life 0.165 sec. has been observed 
by Gardner, Knable & Moyer (80) by spallation of beryllium nitride and of 
boron, but it has not yet been identified. 

One example, Li’, of delayed alpha emission among the light elements, 
analogous to delayed neutron emission, has been known for many years. 
In this case, beta decay leads to an excited state of Be’, which immediately 
breaks up into two alpha particles. Alvarez (81), searching for delayed 
proton emission, found instead three new examples of delayed alpha emission. 
Two new positron active nuclides, B* and Na”, were found to decay to 
excited states of Be® and Ne”, which in turn decay “instantaneously”’ by 
alpha emission. Their half-lives are 0.65 sec. and 0.25 sec., respectively. 
Likewise N', with half-life 0.013 sec., was found to have a low energy 
positron group which leads to an alpha unstable excited state in C'. Alpha 
decay of this nucleus leads to Be*, which in turn breaks up into two more 
alpha particles. Delayed proton emission has not yet been reported, but it 
would be expected from nuclei such as Ne!’, O', and C*. For example, Ne!” 
should decay by positron emission to F!” with sufficient decay energy to make 
possible transitions to levels lying above the binding energy of a proton in 
this nucleus. 

Neutron irradiation of bismuth at high neutron flux produces a new long- 
lived bismuth alpha emitter of very low activity which has been assigned to 
Bi##™, an isomeric state of RaE, by Neumann, Howland & Perlman (82). 
The measured alpha decay energy of this isomer allows one to calculate that 
it lies about 0.2 M.e.v. above the ground state and, therefore, is more un- 
stable than RaD. Thus, it cannot be present in the natural uranium series 
as a decay product of RaD. 

Other radioactivities, too numerous to be mentioned here, were discov- 
ered in 1950 as products of transmutations induced by means of the new high 
energy accelerators, the older low energy machines, and the neutron piles. 
Improved chemical separation procedures have made possible the identifica- 
tion of many nuclides among the rare earth elements where previous knowl- 
edge was especially limited (83, 84, 85). 
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NUCLEON-NUCLEON FORCES 


Numerous studies of the scattering of protons by protons and of neutrons 
by protons at various energies have been made in an effort to elucidate the 
nature of the nucleon-nucleon forces. The recent work at high energies at 
Berkeley (86 to 91) seems to have complicated rather than simplified the 
problem. In trying to interpret the experimental results, one has confined 
himself so far to the velocity independent potentials. These potentials must, 
of course, account for the low energy data such as the binding energy and 
quadrupole moment of the deuteron, the scattering of neutrons by ortho and 
para hydrogen, low energy proton-proton scattering, etc. In the attempted 
accomplishment of even this limited objective, there is a vast degree of arbi- 
trariness in the choice of potential. Even on the question of charge independ- 
ence, the data are not conclusive, and a number of interpretations have been 
made. Christian, Hart & Noyes (92, 93) have fitted these data with a mixture 
of central and tensor forces, but feel that they have been forced to renounce 
charge independence. That is, they feel that a different law applies to the 
b-p force than to the n-p force, and in the p-p case, the tensor force is strongly 
singular; furthermore, this model does not account for the saturation of 
nuclear forces. According to Jastrow (94), it is possible to retain charge inde- 
pendence if one represents the nucleon by a hard repulsive core, surrounded 
by an attractive well, with tensor interaction. Case & Pais (95) retain charge 
independence by introducing a spin-orbit coupling into the nuclear interac- 
tion. None of these models can claim to be unique, and further theoretical 
work as well as experimental work along these lines is clearly necessary. 


BETA DECAY 


In recent years, there has been conflicting evidence concerning the 
momentum distributions of allowed beta spectra. While the predictions of 
the Fermi theory were in agreement with the results at high energies, many 
investigators failed to find agreement in the lower part of the spectra. It 
is now clear that experimental difficulties, mostly associated with thick 
sources, hampered the tests at low energy (96). 

Recently Langer, Moffat & Price (97) and Owen & Cook (98) independ- 
ently showed with extremely thin sources of Cu™ that both the positrons and 
negatrons obey the Fermi distribution down to 50 k.e.v. Owen & Primakoff 
(99) have studied the effect of instrumental distortions in magnetic B-ray 
spectrometers and found that essentially all deviations from Fermi theory 
can be explained as instrumental or thick source effects. Additional experi- 
mental evidence on the validity of Fermi’s allowed spectrum in the very 
low energy region was reported by Price, Motz & Langer (100) for the cases 
of Pm"? and S* and by Gross & Hamilton (101), who used an electrostatic 
spectrograph to study S* in the range 0 to 30 k.e.v. The spectrum of Pm"’, 
which is probably once forbidden, had the allowed shape down to 8 k.e.v. 

The theory of forbidden beta spectra (102) predicts a unique momentum 
distribution for particular spin and parity changes. Investigations of for- 
bidden beta spectra by various workers (103, 104) indicate good agreement 
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in several cases between the Gamow-Teller selection rules (105), the nuclear 
shell theory of Feenberg & Hammack (106), and the experimental distribu- 
tions. Numerous other studies of allowed and forbidden spectra have been 
reviewed by Wu (96), and there seems to be no serious conflict between 
theory and experiment. 

Studies of the expected beta-gamma angular correlation (107, 108) in 
forbidden beta decay can be helpful in assigning spin and parity changes to 
such beta transitions. Several investigators (109 to 114) have measured the 
angular correlations between forbidden beta particles and subsequent y-rays 
emitted from excited states of the daughter, and find that the technique 
opens a promising field for further endeavor. 

The previous theoretical considerations of Hamilton (115) regarding 
the angular correlation of successive gamma-quanta have also led to indirect 
information on beta transitions, since the spins and parities of the levels 
in the daughter nucleus may be found by this method. Brady & Deutsch 
(116) have studied six even-even nuclei in which they find the gamma- 
gamma angular correlation to be anisotropic. The correlation of y-rays 
emitted from excited states of A** was investigated by Steffen (117), who 
finds that the spin assignments are in agreement with the spin change 
indicated by Langer’s data (118) on Cl** beta decay. Sunyar and associates 
(119) have found this method useful in their study of the 68 min. and 
3X10~7 sec. isomeric states of Pb. 


MESONS 


The recent work on mesons, produced by high energy transmutations 
and found in cosmic rays, is too extensive to be covered adequately in this 
review. Powell (120) has described the progress in this field in the last 10 
years, with special emphasis on the work of the last four. An important 
achievement reported in 1950 is the unambiguous proof of the existence of 
a neutral (pi) meson, only slightly lighter than the negative pi meson, by the 
experiments of Bjorklund, Crandall, Moyer & York (121) and the later ex- 
periments of Steinberger, Panofsky & Steller (122) and Panofsky, Aamodt & 
York (123). 

Oppenheimer (124) had previously suggested a mechanism to account 
for the soft component of the cosmic radiation which involved the decay 
of neutral mesons into y-rays. Indirect evidence for this interpretation 
was then obtained in the cosmic radiation cloud chamber experiments of 
Fretter (125), Chao (126), and Gregory, Rossi & Tinlot (127), the photo- 
graphic plate experiments of Bradt, Kaplon & Peters (128, 129), and the 
experiments of Carlson, Hooper & King (130). 

The existence in the cosmic rays of heavier mesons in the range of 1,000 
electron masses, both neutral and charged, is supported by an increasing 
amount of evidence, but the interpretation of some of these experiments is not 
yet clear. Powell (120) has reviewed this subject at length. Perhaps the new 
billion-volt accelerators, when completed, will permit the clarification of 
this problem. 
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RADIATION CHEMISTRY’ 


By F. S. Darnton AND E, COLLINSON 
Chemistry Department, University of Leeds, Leeds, England 


Comprehensive surveys of radiation chemistry have recently been pub- 
lished by Burton (1) and Dainton (2). We have, therefore, decided not to 
attempt to mention all work carried out since these articles appeared, but 
to consider carefully a few topics which seem to be of relatively greater cur- 
rent interest. In selecting the topics, we have been guided by the general 
tenor of the formal and informal discussions which took place in Paris on 
July 17 to 19, 1950, on the occasion of the colloquium held as part of the 
celebrations of the 50th anniversary of the discovery of radium, and in 
London on July 23 to 29, 1950, under the auspices of the Seventh Internation- 
al Congress of Radiology. Nevertheless, the choice of topics has still been to 
a certain extent arbitrary and personal, and many important aspects of the 
subject have been omitted. 


EXPERIMENTAL METHODS 

Advances in experimental techniques have been unevenly distributed. 
Thus, while improved external (3,4, 5) and internal (6, 7) sources have been 
developed and a device constructed for the stabilisation of x-ray output 
to within 1 or 2 percent by meansof acontinuously irradiated, small ionisation 
chamber (8), there have been no fundamental changes in design of reaction 
vessels. The most important developments have been concerned with at- 
tempts to achieve an integral chemical dosimeter. The requirements of a 
satisfactory radiation actinometer are that the reagents should be stable and 
easily prepared in a pure state, that changes in concentration of the reagent 
or its product should be reproducible and proportional to the amount of 
radiation absorbed over a wide range of concentration, and that the condi- 
tions necessary for success should not be excessively stringent. Two major 
difficulties are at once apparent. Unless very large doses are used, the amount 
of chemical change to be observed will be minute (for a reaction of unit ionic 
yield, a dose of 3X 104 would correspond to a change of concentration in an 
aqueous system of only about 10-* M) and the ionic yield of the reaction 
involved must be accurately known. A minor difficulty also exists, namely, 
that because of the nonselective nature of the absorption, the ionic yield 
for an indirect action will be a function of the nature of the solvent. 

A possible way of overcoming the first difficulty is to contrive that the 
products of the primary radiochemical act initiate a chain reaction such as 
an addition polymerisation. Prévot (9) has tested four vinyl compounds 
(styrene, methyl methacrylate, acrylonitrile, and vinyl acetate) for their 
suitability for x-ray actinometry and has found that only styrene and 


1 The survey of the literature pertaining to this review was concluded in Decem- 


ber, 1950. 
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acrylonitrile have reasonably linear percentage contraction vs. dose curves. 
The sensitivity of the method is fairly high, doses of 300 r of 50 kv. x-rays 
producing a measurable contraction in dilatometers of usual design, and 
acrylonitrile is better than styrene in this respect. Accuracy greater than 5 
per cent up to a total dose of 10° r is claimed for pure acrylonitrile. Despite 
the high sensitivity of the method, it has inherent disadvantages. Vinyl 
polymerisations are known to be very susceptible to positive and negative 
catalysis by traces of impurities, and even when acrylonitrile is imperfectly 
purified, the accuracy drops to ‘10 to 15 per cent” (9). A complicated ap- 
paratus for vacuum filling of the dilatometers is, therefore, a prerequisite 
for reproducibility, and even though the rate is said to be temperature inde- 
pendent, accurate temperature control is vital to the dilatometer readings. 
Furthermore the existence of ‘‘after effects,’’ i.e., the continuance of slow 
polymerisation after cessation of irradiation, is a complicating feature in 
using the method to integrate an intermittent dose. A fundamental objec- 
tion to the use of any chain reaction is that the yield generally decreases, 
with increasing dose rate. 

Dosimetry in aqueous media is of the greatest importance, and some 
possible developments in this field were adumbrated in the preceding 
Annual Review of Physical Chemistry (1). Unquestionably, the most striking 
of these is that due to Day & Stein (10) which enables the spatial distribu- 
tion of the dose in a quasi-solid medium used to simulate tissue to be demon- 
strated. Approximately 1 per cent aqueous gels of gelatine or agar contain- 
ing minute quantities (approximately 0.003 per cent) of a dye such as methyl- 
ene blue or phenol-indo-2,6-dichlorophenol, when exposed to ionising radia- 
tion, undergo readily measurable colour changes. When bleaching is occur- 
ring, the light extinction in deaerated solutions decreases approximately 
linearly with the dose, and rather surprisingly, there is no evidence of com- 
petition by the gelatine or agar present. Since the bleaching reaction is 
considered to be a reduction, it is necessary to exclude-oxygen and carbon 
dioxide and preferable to add sodium benzoate to remove hydroxy] radicals. 
Further details will be awaited with interest and, if the sensitivity can be 
increased, the method should find very wide application. Recently, Proctor & 
Goldblith (11) have reported the use of the bleaching of resazurin in agar 
gels for determining penetration depths of cathode rays of various energies. 

A colorimetric method which is more sensitive than any other chemical 
method is that due to Taplin & Douglas (12). The reaction involved is the 
formation of hydrochloric acid when aqueous solutions of chloroform are 
irradiated, the concentration of the acid being estimated by the change in 
colour of a pH sensitive dye such as brom-cresol purple, brom-thymol blue, 
or chlorophenol red. These dyes are unaffected in aqueous solution by doses 
up to 3,000 r. The amount of acid liberated is strictly proportional to the 
dose and independent of the dose rate. The yield is unaffected by visible 
light, although absorption of ultraviolet light has some effect. It increases 
with temperature over the range 5 to 37°C., but the magnitude of this in- 
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crease is less than that due to changes of wavelength of the incident radia- 
tion. The sensitivity is increased by an increase of the ratio of chloroform 
to water, by a decrease in dye concentration, and by adjustment of the pH 
of the system to a value near the lower end point of the indicator before 
irradiation. Under optimum conditions, doses as small as 5 r may be detected. 
While the method represents a very considerable advance in sensitivity and 
will be useful for measurement of small doses, success is critically dependent 
on the purity and concentration of the reagents and the observance of a 
standard procedure. 

The determination of small concentrations is pre-eminently a field for the 
application of radioactive tracer techniques, and Erber, Rieder & Broda (13) 
have devised a neutron densimeter on this basis. Irradiation of aqueous 
solutions of permanganates with slow neutrons causes a Szilard-Chalmers 
reaction in which the 8 emitting isotope (Mn**) appears as manganese di- 
oxide. Provided precautions are observed for minimising retention effects 
and the temperature and pH are kept reasonably constant, the method is 
satisfactory although slow. Shaw & Collie (14) have used a method, for which 
they claim an accuracy of 1 per cent, based on an estimation of the amount 
of I" formed by an 2, y reaction when ethy] iodide is placed in a flux of slow 
neutrons. 

By far the most comprehensive investigation in the field of x- and y-ray 
dosimetry is due to Miller (15) who studied the oxidation of ferrous ions in 
0.8 N sulphuric acid solution containing dissolved oxygen. A colorimetric 
method involving 1:10 phenanthroline as a complexing agent for Fe?* ions 
was used. This was rapid, reliable, and sensitive. Since the yield of ferrous 
iron oxidised per 1,000 r is only 19.7 uM per |., the method is not applicable 
to very small doses. The important feature of Miller’s work is the care taken 
to determine the correct relation between the energy dissipated per unit 
volume of water and the observed ionisation per unit volume of dry air 
enclosed in a chamber exposed to the same intensity of radiation. This was 
achieved by the use of air ionisation chambers and reaction cells of identical 
shape and dimensions, constructed of the same plastic (lucite or polystyrene). 

Thus, while methods of chemical dosimetry of differing degrees of con- 
venience in manipulation, of differing sensitivities, and differing ranges of 
applicability are available, the ideal radiation actinometer has yet to be 
constructed. Many physical methods, none of which are integrating, have 
been devised, and many reviews of recent developments are available, for 
example, by Pringle (16) on scintillation counting and by Myers (17) on 
calorimetric methods. 


THE PRIMARY RADIOCHEMICAL ACT 
THE MECHANISM OF ENERGY ABSORPTION 


Although a number of papers dealing with this topic have been published 
in recent years, they have been concerned with refinements and verifications 
rather than fundamental changes of the theory. For example Halpern & 
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Hall (18) have developed a general theoretical treatment for the loss by 
ionisation of the energy of fast charged particles penetrating a polarisable 
medium, in which allowance is made for the reduction in energy loss due to 
polarisation and conduction effects. The authors claim that the theory agrees 
more closely with experiment than does the earlier theory developed by 
Bethe (19) and Bloch (20, 21). Hereford (22) has provided some experi- 
mental confirmation of this claim. 


THE MEAN ENERGY TO CREATE AN ION Parr (W) 


Bethe (23) has stated that “it would be virtually impossible to develop 
a complete theory of the energy per ion, W,’’ and unfortunately, there is 
also a lack of reliable experimental values, particularly where liquids are 
concerned [see Dainton (2)]. Two generalisations can be made. Firstly, W 
is not markedly dependent on the magnitude of the first ionisation potential 
of the substance being ionised, and this fact is attributed by Fano (24) to 
increased outer screening in systems which have high ionisation potentials. 
The second generalisation, for which Fano has also given reasons, is that 
W should be approximately independent of the charge and velocity of the 
particle. Experimental support for this view has recently been provided by 
measurements on He‘ and Li? nuclei, fission fragments and a-particles from 
Ra*4, Bi?, and Po?!° (25, 26, 27). An important recent result is Appleyard’s 
value of 30.5+0.8 e.v. for W appropriate to polonium a particles in water 
vapour (28). 

Data for liquids are still urgently required. The only available values [for 
carbon disulphide and argon, see p. 13, reference (2)] are inadequate to per- 
mit a choice between Franck’s view (29) and Gray’s statement (30) con- 
cerning the effect of condensation on ionisation and stopping power. 


THE CHARGED AND NEUTRAL SPECIES FORMED IN THE PRIMARY ACT 


Spatial distribution.—It is generally assumed that the radial distributions 
of the positive and negative ions (or their breakdown products) formed in 
the track of the ionising particle are Gaussian and that subsequent events 
may be described by an application of Jaffé’s theory (31), which was origi- 
nally proposed to deal with recombination and diffusion of ions in a-particle 
tracks. Several of the assumptions implicit in this approach have recently 
been questioned. Read (32) has calculated the radial field which would 
accompany such charge separation, and for a linear ion density of 1,000 per 
pw in liquid water, which would correspond to a 7 M.e.v. a@-particle, the sur- 
prisingly large value of about 10° v. per cm. was obtained. This suggests 
that the electrons may be diffused shorter distafices from the track than has 
hitherto been presumed. Another point raised by Read (33) is that if the 
reducing species is less densely distributed than the oxidising species (as- 
sumed by Read to be H and OH respectively in the case of water), any 
recombination which occurs will result in effective destruction of most of the 
reducing species closest to the track. Hence, an initially Gaussian distribu- 
tion of reducing species cannot persist but is rapidly converted to a radially 
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symmetrical one showing a maximum. Diffusion of reducing species will 
therefore occur inwards as well as outwards from the track centre. 

The Jaffé treatment has also been modified by Gerritsen (34) to allow 
for non-Gaussian distribution, and the theory agrees well with results 
obtained by measurements in liquid argon and helium. The results imply 
that a columnar theory is applicable to the case of x-irradiation just as for 
a-irradiation.? 

The«‘mean track density”’ is defined as the average number of ionisations 
per unit length of the track of an ionising particle and can be determined or 
calculated for most practical situations. The fact that this quantity is a 
gross average is worth re-emphasis. In the case of heavy particles, the average 
track density is large and is determined not only by primary ionisations but 
also by a substantial proportion of 6-rays. When the ionising particle is 
light, e.g., x-, y-, and B-rays, the average track density is low. To this differ- 
ence between the linear track densities of ‘‘massive” and “‘light’’ radiations 
have been ascribed some of the marked differences both of degree and kind 
between reactions induced by both types of radiation in the same medium. 
Considerable differences also exist between the average track densities of 
low and high energy photons. For example, the figures taken from Lea’s 
calculations (36) are 56 primary ion pairs per » in water for a 50 kv. quantum 
and 2 primary ion pairs per uw for a 1 M.e.v. quantum. Chemical reactions 
which are sensitive to variations of track density are not, however, sensitive 
to the wavelength of x-rays used. This discrepancy can be accounted for 
by assuming that ionisation by electrons of (say) more than 10 kv. energy 
is discontinuous, occurring in separate clusters of approximately equal vol- 
ume and ion pair concentration. The separation of the clusters is assumed to 
decrease with decreasing energy of the ionising electron. Differences of mean 
track density of low and high energy photons would then be visualised 
merely as differences of linear separation of small volume elements of roughly 
equal ion density. For equal dose rates of (say) 50 kv. and 1 M.e.v. photons, 
the actual ionisation density would thus be the same, but the mean track 
densities would be in inverse ratio to the sum of the lengths of the individual 
tracks present in each case. This notion derives some support of a purely 
physical kind from cloud chamber photographs of electron tracks and from 
the work of Gerritsen (34). 

Identification and nature.—There have been no major changes in the basic 
ideas concerning the stability of positive ions and the nature of the electron 
capture and charge neutralisation processes. The direct identification of the 
species formed in the primary act while a reaction is in progress is still not 
possible, and the nature of these entities can only be inferred from the mass 
spectroscopic data and the chemical nature of the products. Some systemati- 
sation of the mass spectra of hydrocarbons has recently been achieved by 
Viallard & Magat (37). These authors have formulated empirical rules which 


2 Recently a new treatment by Landau (35) of the problem of ion distribution in 
radiobiology has appeared. This is claimed to givea more accurate result than previous 
approximations, but the paper was not available to the authors at the time of writing. 
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confirm existing theories of the stability of molecular and radical ions and 
which should assist the elucidation of the radiation chemistry of hydro- 
carbons. 

The electrically neutral atoms and/or radicals which may have been 
formed in the primary act are usually believed to exert the strongest influ- 
ence in determining the course of the chemical reactions which ensue in 
the secondary processes. Since the value of W usually greatly exceeds the 
lowest ionisation potential involved, it has been argued that a considerable 
proportion of the radicals are generated in nonionic excitation reactions, e.g., 
homolysis under electron impact. 

Essex (38, 39) has observed that clearing fields which materially reduce 
the number of ions undergoing charge neutralisation cause only slight reduc- 
tions of the rate of certain a-ray induced decompositions, and this work has 
often been cited in support of the view that excitation is responsible for a 
substantial fraction of the observed chemical change. Recently, however, 
Williams & Essex (40, 41) have shown that this type of argument is not neces- 
sarily valid. Nevertheless, a closer analysis of their data provides some evi- 
dence of dissociation without ionisation. Curiously enough, this conclusion 
was deduced from the increase of ionic yield with the magnitude of the clear- 
ing field which was observed in these two systems. 


THE KINETICS OF SOME IMPORTANT LIQUID 
PHASE REACTIONS 


The products of the primary act are principally derived from the sub- 
stance present in the greatest quantity in the system being irradiated. In 
one component system, these products, which are generally free atoms or 
radicals, may recombine, thereby reforming the reactant, or may interact 
in pairs or with the parent material to form new molecules. The magnitude 
of the contributions made by these several reactions to the observed rate of 
chemical change depends not only on their velocity constants but also on 
the spatial arrangement of the atoms or radicals and, therefore, on the type 
of ionising radiation used. In dilute solutions, the primary products are 
derived from the solvent and changes in the solute are due to its reaction with 
the primary products. The kinetics of such ‘‘indirect actions’’ will be deter- 
mined by such considerations as whether the solute reacts with every radical 
formed in the primary act, whether more than one solute is present and they 
compete for reaction with the radicals, etc. 

Added to these influences, there is the fact that in all radiochemical ac- 
tions, a stage will be reached at which stable products will have accumulated 
in sufficient amounts to compete with the reactants for the radicals. If this 
reaction between radicals and products results in reformation of reactants, 
a “‘radiochemical equilibrium’ will be set up. Since the secondary processes 
may be either single stage or chain reactions, the complexity of the observed 
over-all kinetics of some reactions is not surprising. In the following para- 
graphs, we have outlined the present position in four groups of reactions. 
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POLYMERISATION IN NONAQUEOUS MEDIA 


The only recent kinetic work in this field is that of Chapiro, Cousin, 
Landler & Magat (42, 43, 45 to 48). In a series of papers published from 1948 
onwards, these authors have reported measurements of polymerisation rates 
for various monomers in the pure state and in various organic solvents, 
initiated by x-rays and y-rays and by the Szilard-Chalmers effect in systems 
containing ethyl bromide. The principal features of their results are as 
follows. Using solutions of styrene in ethyl bromide and Szilard-Chalmers 
initiation, the weight of polymer formed in a given experiment increases 
with the square of the monomer concentration and depends on the dose of 
slow neutrons. The precise dependence of the rate of reaction on the dose 
rate is however, unknown. By calculations based on established nuclear 
physical data, it was shown that the majority of initiating radicals are formed 
by the recoil protons and bromine atoms. When y-rays or x-rays are used to 
polymerise pure acrylonitrile or styrene either in bulk or in good solvents, 
the rate is proportional to the square root of the dose rate (R). Small amounts 
of all solvents increase the amount of polymerisation for a given dose, and 
alcohols produce very marked acceleration. Continued dilution of monomer 
causes a single maximum at high dilutions if the solvent is also a solvent for 
the polymer, but if the solvent for the monomer is a precipitant for the poly- 
mer, two maxima appear in the rate vs. composition curve. 

These vinyl addition polymerisations are of the free radical type since 
traces of benzoquinone cause inhibition. The precise nature of the initiating 
species is uncertain when pure monomer or solvents such as CsHe, (C2Hs)20, 
(CH3)2CO, or CCl, are used, but the fact that the catalytic power of a pri- 
mary alcohol is substantially independent of the number of carbon atoms in 
the chain suggests that the action of x- and y-rays on alcohols induces the 
formation of hydroxy] radicals and that these species are principally responsi- 
ble for the initiation of reaction chains. The double maximum in the rate vs. 
composition curve is in no way connected with the radiation used. It has 
also been found by Ivin (49) in copolymerisation reactions not induced by 
ionising radiations in which the polymer is soluble only in restricted ranges 
of composition. 

The second order dependence on monomer concentration found in the 
Szilard-Chalmers experiments is probably due to the initiating radicals also 
causing termination. As pointed out in the next section, it is to be expected 
when, as is likely to be the case with heavy particles such as Szilard-Chalmers 
recoil atoms, the products of the primary act are formed in high concentra- 
tion in widely separate tracks. This interpretation implies that the reaction 
rate should be proportional to the dose rate (see next section), and it is to 
be hoped that the dose rate dependence will be determined. In the case of 
the x- and y-ray induced reactions the rate is proportional to R"/?, indicating 
that, in marked contrast to polymerisation in aqueous media, the poly- 
merisation chains are terminated by mutual interaction. 
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POLYMERISATION IN AQUEOUS MEDIA 


Preliminary work on the x- and y-ray induced polymerisation of dilute 
aqueous solutions of acrylonitrile and methacrylonitrile has been reported 
by Dainton (50, 51), who suggested that the reaction was a normal free 
radical type polymerisation in which the chains were both initiated and 
terminated by the hydrogen atoms and hydroxyl radicals formed by the 
action of the ionising radiation on the solvent. The reaction scheme may be 
written as follows: 





initiation ae F aoe Se 
x + m —— m* 

propagation m;* + m, —2> mias* 

termination m;* +x , P; 

whence — d[m;]/dt = kikp[m:]*/k; 


where [m,] denotes monomer concentration. Since the length of the induction 
period caused by dissolved oxygen is decreased by increase of monomer 
concentration and dose rate, it is necessary to assume that only a small 
fraction of the radicals initiate and terminate growing polymer chains, the 
remainder undergoing combination or recombination. 

The most conclusive evidence of the correctness of this initiation mecha- 
nism is that the final polymer can be shown to contain hydroxy] groups and 
hydrogen atoms derived from the water. Infrared spectroscopic analysis of 
low molecular weight polymers formed in water by x-rays indicates the pres- 
ence of chemically bound hydroxyl groups which are absent when the poly- 
mer has been formed by x-irradiation of pure monomer. Polymers produced 
from solutions of monomer in deuterium oxide have been shown by Collin- 
son & Dainton (52), using similar spectroscopic methods, to contain the C-D 
link. 

These authors have re-examined the kinetics of this reaction over a 20- 
fold range of monomer concentration and a 5,000-fold range of dose rates, 
using radium y-rays, 220 kv. x-rays, and 50 kv. x-rays. It was found that the 
rate of polymerisation is proportional to R"[m,]?, where R is the dose rate 
(determined by ferrous sulphate actinometry). The exponent m varies 
smoothly from 0.9 at low dose rates to 0.25 at high dose rates and is inde- 
pendent of the wavelength of the radiation used. The mechanism already 
given leads to a rate which is independent of R (equation 1), but this ap- 
parent discrepancy with experiment disappears if allowance is made for the 
inhomogeneous distribution of the hydrogen atoms and hydroxyl radicals 
formed when high energy photons are used. Proof of the idea that the radical 
distribution is nonuniform is provided by the observation that if hydrogen 
atoms or hydroxy] radicals are generated uniformly by photochemical means 
(53, 54) at a rate causing the same rate of polymerisation as ionising radia- 
tions at low dose rates and under otherwise identical conditions, entirely 
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different kinetics are obtained. Under these circumstances mutual termi- 
nation 


k , 
m;* + m,* =e P; +P, or P54 
is predominant and hence 
ky’ [m;*] > ke[X]. 


In the x-ray case, the reverse must be true, i.e., k:(X)> k:'(m;*), but, since 
the over-all rate is the same, the high concentration of initiating radicals 
X must be confined to a limited fraction of the total volume. Collinson & 
Dainton (52) suggest that the polymerisation is taking place in randomly 
distributed small volume elements, the instantaneous number of which is 
proportional to the dose rate. At low dose rates where the volume elements 
are isolated from their neighbours, the over-all reaction rate will be propor- 
tional to Rkjkp[m,]*/k,. As the dose rate is increased, the chance of overlap 
of adjacent volume elements increases, and above a certain dose rate, al- 
most every element will be overlapping, the rate of formation of radicals will 
be uniformly high over the whole system, and the reaction rate will be 
equal to kikp[m,}*/ke, i.e., independent of R. The observed change in the 
dose rate exponent is regarded as evidence of behaviour typical of transition 
between these two extremes. 

If this interpretation is accepted, the lack of dependence on wavelength 
can be accounted for by assuming that on the average, each volume element 
corresponds to a constant amount of energy dissipated irrespective of the 
energy of incident quanta. This is in accord with the ideas outlined in the 
section on Spatial distribution, namely that electrons of energy above a cer- 
tain low minimum lose discrete amounts of energy of approximately equal 
size and sufficient to produce a large number of radicals. It is within these 
‘pockets of radicals’ that polymerisation takes place. The number of such 
pockets is assumed to be proportional to the energy of the primary electron, 
and the average distance between pockets in any one track is then inversely 
proportional to the linear ion density as usually calculated. 


OXIDATION AND REDUCTION REACTIONS IN WATER 


Statement of the problem.—The capacity of irradiated water to oxidise 
certain solutes and to reduce others has been attributed to the presence 
of free hydroxyl radicals and hydrogen atoms which readily accept or lose 
an electron to form the stable ions OH~aq and H*,q, respectively. Dissolved 
oxygen is considered to weaken the reducing power by removing hydrogen 
atoms in the reaction 

H + O, — HO, 


the product of which is also a strong electron acceptor, i.e., oxidising agent. 
There would be many advantages in expressing this duality of function of 
irradiated water as a redox potential which we have called the ‘“‘equivalent 
redox potential’ and have denoted by ERP with a subscript to indicate the 
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ao RAYS x RAYS Redox 


REACTIONS 


Oxidation | Reduction |] Oxidation| Reduction 


Oxidation of Glutathione (108) 


Oxidation of Cysteine (108) 


Oxidation of -c 
Oxidation of Ascorbic Acid 5 (109) 


— COo+ 2H* + 2e 


H209—>Oo+2H*+ 2e 
Fe2t—» Fe?* +e 
+ -+3H*t+ 2e 


Ferrous o-Phenanthroline —> 
Ferric o-Phenanthroline (106 


Ferrous erric D 06 
2Br~—>Bro(t)+2e 


H +H *+ 4H T +2e 
1/2 Ip+ “+ 6H*+ Se 
2cr3t 4 =+14H* + 6e 
1/2 Brot = “+ 6H* + 5e 
Mn** + 4H20—>Mn0Oq4~ +8H* + Se 
Ce3+ Ce4*+ + © 

+ “+ 4H* + 3e 


2H90 > +2H* + 2e 





Fic. 1 
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type of radiation used. Some years ago, Allen (55) pointed out that prolonged 
irradiation of aqueous solutions “should bring the concentrations of the 
reduced and oxidized forms of any dissolved material to a certain ratio.” 
The determination of such ratios for members of a series of couples covering 
a range of redox potentials would obviously provide a simple way of finding 
the ERP. We have surveyed existing data with the object of applying this 
method, and the results are shown graphically in Figure 1.3 

Despite wide differences between the experimental conditions under 
which these reactions were carried out, the general correctness of the idea 
is clearly demonstrated by the existence of three groups of reaction. If the 
redox potential of the solute is greater than a certain value (which is —0.52 v. 
for x-rays and —0.95 v. for a-rays) oxidation will take place, but if the poten- 
tial is less than another value (—1.1 v. for x-rays and —1.2 for a-rays) 
only reduction of the solute is possible. The zone between these limits in- 
cludes reactions in which either different investigators have obtained con- 
flicting results or both oxidation and reduction are possible. In the latter 
case, an equilibrium should be set up from the position of which the values 
of ERP, and ERP, should be deducible.‘ 

The recent measurements of Haissinsky & Lefort (56), which confirm 
both Clark and Pickett’s observation (57) of the reduction of nitrate solu- 
tions and Fricke & Hart’s observation (58) of the oxidation of nitrite and also 
show the existence of an equilibrium mixture containing approximately 50 
per cent of each, suggest that the value of ERP, is —0.95 and that ERP, is 
not far removed from this. Accepting the value, ERP, = —0.95 v., we should 
expect that all those reactions which gave measurable equilibria approachable 


’ The bleaching of aqueous solutions of dyes by radiation, if it is regarded as 
reduction, is anomalous, since the redox potentials of the dyes investigated (methyl- 
ene blue, indophenol, phenosafranin, resazurin, triphenyltetrazolium chloride) all lie 
within the range —0.45 to +0.35 v., and their reduction by x-rays is not compatible 
with the value of ERP, = —0.95 v. Pending further investigation now in progress in 
this laboratory, we have omitted these reactions from Figure 1. 

4 The presence or absence of oxygen might be expected to cause a change in the 
ERP. No data is available as to the effect of oxygen on the equilibrium for any given 
system, but the work of Amphlett (113) shows that in the case of ferrous o-phenan- 
throline, the change in ERP, brought about by addition of oxygen can only be 
very small. 





Fic. 1. The ERP of Liquid Water. 

«Denotes only oxidation observed. 

— Denotes only reduction observed. 

<+Denotes either oxidation or reduction incomplete, or conflicting data. 

Numbers in parentheses refer to the bibliography. 

Redox potentials on the hydrogen scale use the U. S. convention with respect to sign. 
Values of redox potentials to which no reference is given have been obtained 
from Latimer’s book, The Oxidation States of the Elements and Their Potentials 
in Aqueous Solutions (114). 
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from either side would possess redox potentials lying in the range —0.8 v. 
to —1.1 v. While this expectation is fulfilled for the upper limit, the observed 
lower limit appears at first sight to be too small by —0.3 v. The reactions in 
the region —0.5 v. to —0.8 v. include the arsenate/arsenite system which is 
anomalous in that Lefort & Haissinsky (59) have established that although 
x-radiation causes oxidation of only up to 80 per cent of the arsenite present, 
pure arsenate solutions cannot be reduced. Also included in this region are 
the Fe?*/Fe** and I./2I- systems. The former is in keeping with theory in 
that, at pH about 1, ferrous is completely oxidised and ferric is not reduced. 
The latter is also in accord with theory except at very low iodide concentra- 
tion and in the absence of acid [Lefort (60)]. 

It therefore seems reasonable to conclude that ERP, is about —0.95 v. 
and that this value also represents the value of ERP, with sufficient accuracy, 
although in this case the data are less numerous. This result is significant 
because it demonstrates that the difference of spatial distribution of the radi- 
cals between x- and a-rays, which by many authors is considered to be large, 
does not have such a profound effect on the equilibrium. However, the 21~/I, 
system is an exception to this generalisation. 

The effect of changes of pH on radiochemical reactions has often been 
remarked upon; for example, it has been stated that decrease of pH favours 
oxidation. It is important to distinguish here between the effect on the yield, 
which is an effect on a rate, and the effect on the equilibrium. The position 
of equilibrium is defined by the sign and magnitude of the difference between 
the appropriate ERP and the actual redox potential of the dissolved system, 
and both these quantities may be affected by changes of pH. For example, 
the redox potential of the Fe?+/Fe** couple in an acid medium is —0.77 v., 
whereas the potential in alkaline solution where the reaction is OH™ 
+Fe(OH).—Fe(OH)3+¢e is +0.56 v. An effect of this kind would account 
for the occurrence of reduction in acid media and oxidation in alkaline media, 
as has been observed by Lefort & Haissinsky in the Ce‘t/Ce** (61) and 
As /As™! (59) systems. When, as in the case of Fe*+/Fe**, the equilibrium 
is shifted in the opposite direction, it is necessary to assume that the ERP is 
capable of displacement to smaller and possibly positive values by an in- 
crease of pH. 

In addition to displacement of the equilibrium, a change of hydrion 
concentration may alter the rate of approach from either side. Unfortunately, 
there is a paucity of reliable systematic data concerning the effect of pH 
on ionic yields and generalisations of quantitative value cannot be made. 
However, in such data as are available, there is a discernible tendency for 
the ionic yield of oxidation to be increased by increase of acidity. 

A beginning has been made by Amphlett (62) on the effect of complexing 
agents on the equilibrium in cationic oxidation reduction systems. The results 
are entirely explicable in terms of the change in the redox potential of the 
solute, e.g., the ferric form of the dipyridyl and o-phenanthroline complexes 
(redox potential, — 1.06 v.) are completely reduced under conditions where 
the uncomplexed Fe!!! (potential, —0.77 v.) is quite stable to radiation. 
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Interpretation.—In the preceding section we have seen that the salient 
features of oxidation-reduction reactions are that (a) the equivalent redox 
potential of x-irradiated water is —0.95 v. and is substantially the same 
when a-rays are used, (b) increasing acidity displaces the ERP to even more 
negative values, and (c) there is a tendency for more rapid oxidation in acid 
media. We will now consider what modifications, if any, of the existing theory 
are necessary to account for these results. 

The net oxidising or reducing power of an equimolar solution of hydrated 
hydroxyl radicals and hydrogen atoms may be estimated as follows. Using 
accepted values (63) of thermodynamic properties, we calculate the reaction 
potentials 


H, — Hag + ¢, Eo = + 2.12 v. 
HO~sq — HO, + ¢, Fo = —202v. tT 


If, as would be expected, the free energy of hydration of the highly polar 
hydroxyl radical is larger than that of the nonpolar hydrogen atoms, the ERP 
of irradiated water would be positive and would thus express a net reducing 
power. The observed value of —0.95 v. could only be accounted for on the 
basis of the simple idea that only H and OH are present and that they enter 
into thermodynamically reversible oxidation or reduction reactions with 
solutes by making the highly improbable assumption that the concentration 
of OH radicals is about 10"? times larger than the concentration of hydrogen 
atoms. 

Recently, suggestions have been made that two other species are present 
in irradiated water and are responsible for some of the observed chemical 
change. It is important to consider whether their effects on the theoretical 
ERP value would be such as to reduce or increase the gap between it and the 
observed ERP. The first suggestion is due to Day & Stein (10) who consider 
that some part of the reduction may be due to direct electron capture by the 
solute. The grounds for this view are that conjugated coloured solutes, such 
as carotene and indophenol type dyes, may be decolourised in nonageous 
solvents and in the case of the dyes, in nonhydrogenous solvents. Partly 
because the colour is restored by oxygen, it is presumed that the bleaching 
is a reduction process involving capture of either hydrogen atoms or electrons 
and that in nonhydrogenous solvents, it must, therefore, be the latter. While 
competition between all types of electron acceptors for the capture of free 
“‘thermalised”’ electrons undoubtedly exists, it must be pointed out that 
bleaching merely involves loss of conjugation and does not constitute un- 
equivocal evidence for reduction, particularly in solvents like carbon tetra- 
chloride. Since the reaction 


H, — Haq + € 
is endothermic to the extent of 33 kcal., free electrons are likely to be 
stronger reducing agents than hydrogen atoms. Day & Stein’s suggestion 


thus implies a theoretical ERP even further removed from the observed 
value. 





. 
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The second suggestion is due to Weiss (64) who has proposed the exist- 
ence of an equilibrium 


H + Hag ra 4 Hat, 


whereby hydrogen atoms which are reducing agents may be converted into 
hydrogen molecule ions which are regarded as electron accepting, i.e., oxi- 
dising agents. The obvious results of this notion are that it would make the 
theoretical ERP more nearly approach the observed value and would also 
account for increase of oxidative power with decreasing pH. A critical assess- 
ment on energetic grounds of the importance of this equilibrium is hampered 
by lack of data. In view of the low dissociation energy (62 kcal.) of Hz*g, the 
concentration of Hz*aq is unlikely to be appreciable unless the hydration 
energy of H;*, is at least 80 per cent of that of H*t,. A disadvantage of the 
theory is that the oxidation of cations by Hz* would involve considerable 
electrostatic repulsion, and therefore, increasing acidity might not cause an 
increase in rate of oxidation. 

In a previous communication by one of the reviewers (50), it was pointed 
out that an appreciable proportion (10 to 15 per cent) of the positive ions 
formed by electron impact on water vapour consisted of OH*, ions, the 
electron affinity of which is equal to that of H*, ions. Collinson & Dainton 
(65) have recently suggested that the oxidative power of such ions is prob- 
ably so large that even the presence of only a small portion in the species 
formed in the primary radiochemical act in,water might explain the observed 
ERP value. We have shown (Equation III) that the oxidising power of a 
gaseous hydroxy] radical is represented by a reaction potential of —2.0 v. 
The oxidising power of the gaseous OH? cation will be greater by the value 
of AF for the reaction 


OH, — OH,* + ¢ 


and this cannot be very different in magnitude from AH, which in this case 
is the ionisation potential of OH, i.e., approximately 360 kcal. However, 
each OH? ion which is formed must be accompanied by two hydrogen atoms 
and a hydroxyl ion OH~aq, and the net oxidative power of (OH*aq+2H, 
+OH~,,) will correspond to a reaction potential of about 13 v. Any free 
energy of hydration of OH* will further reduce the oxidation potential, but 
provided the magnitude of this does not exceed the large value of approxi- 
mately 40 kcal., the existence of only 14 per cent of OH*,, among the positive 
ions formed in the primary act would account for the observed ERP. It is 
obvious that electrostatic repulsion effects are as disadvantageous on this 
as on Weiss’ theory and that, by assuming that OH* may be destroyed by 
reactions with OH-, e.g., OH++OH-—>H..02, pH effects can be explained. 

Hitherto in this discussion, the function of the hydrogen atom has been 
regarded as exclusively reducing and that of the hydroxyl radical as ex- 
clusively oxidising. When the substrate contains a weakly bound hydroxyl 
group or oxygen atom, it may be reduced even by the hydroxyl radical. 
Examples of the former type are the so-called ion pair complexes of multi- 
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valent cations (M**+) with OH~aq, and their reduction may be represented by 
M*OH- or [MOH]*++H or OH-M*-»++H.0 or H,O:. IV 


Such reactions will be faveured by increase of pH, and their existence would 
thus be in accord with the observed effects of pH change. The ideas embodied 
in equation IV are drawn from Amphlett’s suggestion (62) that the effective 
substrate is often an ion pair complex and from Haissinsky & Lefort’s 
proposition (61) that both hydroxyl radicals and hydrogen peroxide can 
act as reducing agents.® 
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Fic. 2. The reduction of (M**-OH~),, by H or OH. 


A convenient representation of these reactions is given in Figure 2, which 
is derived from Dainton & James’ discussion of photochemical electron trans- 
fer in aqueous systems (66). Curve abcd is the dissociation curve of either 
H2Ouqg Or H2Ovugq, the height db being much greater for the former. Curve 
fce represents the instability of the ions HzO~,q and H2Osag. The most 
important quantity is the magnitude of the vertical displacement de which 


6 The equations used by these workers include 
Cet +OH +H,0—Ce**+H,02+H* 
2Ce**+ +H,0,—2Ce**+ + 2H*+0, 
AsO,2- +HO-—AsO,*- + HO, 
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is determined by the values of (a) the ionisation potential of the dissolved 
species providing the electron 3y@-», (b) the value of AH for the reaction 


HO, + ¢ > HOnaq 


which can be proved to be —149.7 kcal., (c) the solvation energy of the 
hydroxyl radical which is about 15 kcal. When the electron donor is the ion 
M&-)+, the reduction of the ion pair complex is described by the reaction 
path ecb. Inspection of Figure 2 shows clearly (a) that reduction by this 
mechanism is unlikely to occur unless Jy‘*-)+ exceeds a minimum value which 
will be greater for reduction by hydroxyl radicals than for reduction by 
hydrogen atoms by the quantity Dg_—o#ag — Duo-oHag and (b) that the larger 
3m(-)*, the greater the heat evolved in the reduction (AHg) and the lower 
the activation energy (Er). We might, therefore, expect both hydrogen atoms 
and hydroxyl radicals to reduce Mn**OH~(3mn% = 130 kcal.), but only hy- 
drogen atoms to reduce V**(dy2+ =94 kcal.) and that the activation energy 
for reduction of Mn** by hydrogen atoms would be less than for the cor- 
responding reduction of V3". 


INDIRECT ACTION ON SOLUTES OF BIOLOGICAL IMPORTANCE 


The problem of the action of ionising radiations on biological material 
in solution is of great interest and is also the most difficult of complete inter- 
pretation. The difficulties arise from the greater complexity of the sub- 
strates and their products as compared with simple inorganic or organic 
substances. Cases exist, e.g., destruction of viruses and chromosome muta- 
tions, in which direct action and a target theory are apparently supported 
(67, 68, 69), but the effects of ionising radiations on solutions of biological 
material are in general to be attributed to indirect action via the solvent. 

The active entities and their confirmation.—The active agents producing 
indirect actions in aqueous media may be any of the species mentioned in 
the previous section. In addition, Alper (70), Thoday & Read (71) and Fein- 
stein, Butler & Hendley (72) have provided evidence that hydrogen peroxide 
could be the active entity, while Barrén et al. (73) have suggested that 
oxygen atoms may be effective, and Read (32) has drawn attention to the 
possible effects of the large electric fields which may develop. 

The arguments in support of the different proposals are varied. Thus, 
Thoday & Read (71) base their conclusion on the observation that in the 
production of chromosome aberrations, removal of oxygen reduced the x- 
ray yield, while the a-ray yield remained practically unchanged combined 
with the fact that hydrogen peroxide production from water shows similar 
behaviour. Alper (70) found that hydrogen peroxide could bring about the 
same effects as radiation on S™ phage. Jolles (74) has given evidence of a 
diffusible unspecified active substance in irradiated tissue, which may point 
to the effectiveness of hydrogen peroxide or may be due to some product 
from the substrate. Thus, Butler & Conway (75) have shown that in the case 
of desoxyribonucleic acid, hydrogen peroxide is not the active entity pro- 
ducing the observed depolymerisation aftereffect. As the aftereffect only 
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occurs in oxygenated solutions, it is suggested that an unstable compound 
may be formed with hydroperoxide radicals, later breaking down to hydroxy! 
radicals which are known to be capable of causing depolymerisation. 

In some cases, the effectiveness of the proposed entity has been checked 
independently by production of the same intermediate using other means 
than ionising radiations. This method appears to provide quite the most 
conclusive evidence. Using hydroxyl radicals generated by three separate 
methods, Collinson, Dainton & Holmes (76) showed that these radicals are 
very effective inactivating agents for ribonuclease. On the other hand it has 
since been shown by Dainton, James & Holmes (77) that hydrogen atoms, 
also produced independently of ionising radiations, exhibit only a very slight 
tendency to inactivate this enzyme. The importance of hydroxyl radicals in 
the x-ray inactivation of ribonuclease is thus clearly demonstrated. Similar- 
ly, Limperos & Mosher (78) have shown that hydroxyl radicals produced by 
the ferrous-hydrogen peroxide system can bring about depolymerisation of 
desoxyribonucleic acid, just as does irradiation by x-rays. 

Scholes, Stein & Weiss (79) have attempted to confirm that the hydroxyl 
radical is the active entity in the action of x-radiation on the sodium salts 
of thymo- and ribonucleic acids by comparing the irradiation effects with 
those of the ferrous/hydrogen peroxide system. Detailed analysis, however, 
showed that somewhat different products are obtained from the two systems. 
In a later paper (80), Scholes & Weiss report the detection of many decom- 
position products formed by the action of x-rays, and it is found that the 
yield of ammonia is lowest in a solution saturated with hydrogen, higher in 
an evacuated solution, and highest in an aerated solution. From this, it is 
concluded that the effective entity is an oxidising agent, either the hydroxyl 
or hydroperoxide radical. In considering the production of phosphate, how- 
ever, the opposite is found to be true, and it is concluded that in this reaction, 
a reducing agent, probably the hydrogen atom, is effective. The work exem- 
plifies the complexity of the actions of radiations on biological molecules. 

Mechanisms of the changes produced.—A priori it is to be expected that 
the attack of radicals on large biological molecules might cause (a) local 
damage, e.g., removal of an amino group, (b) general damage, i.e., depoly- 
merisation (81), or (c) both simultaneously. Experimental results generally 
confirm this view but do not provide sufficient information to enable a de- 
tailed picture to be drawn in any one case. Thus, Wegmuller (82) showed that 
the irradiation of solutions of sodium thymonucleate produced a decrease of 
viscosity and consequently some form of depolymerisation. This result has 
since been confirmed by Butler (83) and by Taylor, Greenstein & Hollaender 
(84), who found that the depolymerisation, once started, proceeds spontane- 
ously. No very small fragments are found, but a variety of different sized 
molecules result and the over-all process, according to Scholes & Weiss 
(80), appears to be complex. 

Various authors (75, 78, 85) have shown that solutions of desoxyribo- 
nucleic acid or its salts are also depolymerised by x-irradiation, and the 
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detailed reactions again appear to be complex (80). On the basis of detected 
products, Scholes & Weiss (80) have made the following suggestions as to 
the nature of the reactions taking place: (a) fission of glycosidic links and 
liberation of purine bases, (b) de-amination and opening of the ring bases, 
(c) break of the ester links to give inorganic phosphate, and (d) split of inter- 
nucleotide links. Another example of depolymerisation by ionising radiations 
is provided by the work of Schoenberg et al. (86) on hyaluronic acid. 

In the inactivation of sulphydryl enzymes, oxidation of the sulphydryl 
group by hydroxyl or hydroperoxide radicals, hydrogen peroxide or atomic 
oxygen is considered possible by Barr6n & Dickman (73, 87). Such enzymes 
can be reactivated by glutathione after a partial inactivation, indicating 
that the effect is only on the sulphydryl group. After a more complete 
inactivation, however, reactivation is only partial. These workers suggest 
that the irreversible inactivation is due to protein denaturation, the same 
mechanism also being applicable to nonsulphydryl enzymes such as trypsin, 
catalase, and ribonuclease. Such enzymes generally require much larger 
doses for their inactivation. 

In only a few cases has it been suggested that mechanism of a change 
brought about by x-irradiation is one of reduction. The example of the pro- 
duction of phosphate from ribonucleic acid has already been mentioned (80), 
and another case is that of the inactivation of catalase studied by Forssberg 
(88). It is here suggested that hydrogen atoms are the more effective entities, 
since glutathione and cysteine sensitise the enzyme to radiation attack. 
This is explained by the process 


2RSH + OH — RSSR + H:0 + H 


which favours a reaction between the enzyme and hydrogen atoms. The 
effects of independent hydrogen atoms and hydroxyl radicals have not, 
however, been studied.® 

General results—The phenomenon of sensitisation, to which reference 
was made in the discussion of Forssberg’s work, should it appears be added to 
the now well established phenomenon of protection. Thus, Proctor & Gold- 
blith (93) found nicotinic acid to be sensitised to x-irradiation by ascorbic 
acid or methionine. A related effect is the phenomenon of the ‘changing 
quotient” reported by Dale, Davies & Meredith (94). Generally, the pro- 
tective power of a substance for a given biological substrate is constant. 
In the case of certain indicators, however, notably that of carboxypeptidase, 
the protective power of a given protector can apparently change with change 
in concentration of the protector. These results meet with a quantitative 
explanation when the concept of activation of the protector molecules is 


‘The production by so-called ‘“radiomimetic’’ substances, such as nitrogen 
mustards, di-epoxides, organic peroxides and urethane, of biological effects identical 
with those produced by radiation (89 to 92) suggests that the processes involved in 
both cases may be similar. The elucidation of one mechanism may shed light on the 
other. 
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introduced, the activated molecules then being capable of inactivating the 
substrate. Sensitisation to x-irradiation has also been used in x-ray therapy, 
and Mitchell (95) finds synthetic vitamin K to be the most successful sensi- 
tiser of this type. 

Few comparisons have yet been made between the effects of different 
radiations on a specific biological solute. A notable example of this kind of 
work is that of Dale, Gray & Meredith (96), who made a quantitative study 
of the effects of a- and x-rays on carboxypeptidase. It was found that the 
a-ray ionic yield was about one-twentieth of the x-ray ionic yield, an effect 
attributed to a more efficient removal of active entities by the substrate in 
the case of x-irradiation, due to a difference of radical distribution. In the 
case of the deactivation of nicotinic acid, Proctor & Goldblith (93) report 
that cathode rays are more effective than x-rays, an apparently opposite 
effect to that found in the above work, 

Assuming the active entities to occur and react in separate tracks, a 
treatment of the kinetics of the de-amination of glycine by x-rays has been 
made by Dale, Davies & Gilbert (97) which gives a reasonable quantitative 
agreement with experiment. This evidence for the inhomogeneous distribution 
of radicals produced during x-irradiation confirms that afforded by the kinet- 
ics of aqueous polymerisation (see section on POLYMERISATION IN AQUEOUS 
Menta). More recent work by Dale & Davies (98) has shown that the yield 
of the de-amination of L-serine increases with concentration in a manner 
recalling the behaviour of glycine, but no suggestion is made as to whether 
or not the serine results can be met by a similar theoretical treatment to 
that employed in the glycine case. A real difference is observed in the be- 
haviour of the two acids in that the yield for the serine de-amination tends 
to a limiting value, whereas that for glycine does not. 


CONCLUSION 


It is not easy to summarise the present position in radiation chemistry. 
On the whole, existing physico-chemical knowledge seems to contribute more 
to an understanding of radiochemical processes than vice versa. Thus, the 
kinetics of the observed chemical changes, when interpreted by the usual 
methods, yield information of value about the nature and spatial distribution 
of the entities formed in the primary radiochemical act in liquid systems 
which would otherwise be inaccessible. In recent years, a good deal of re- 
vision and modification of earlier ideas has become necessary. In particular, 
in aqueous solutions the concept of the equivalent redox potential is of 
value, and the range of species responsible for causing indirect action has 
been increased by suggestions of participation by Hz*, OH?, and electrons, 
combined with the notion that the hydroxyl radical and hydrogen peroxide 
may reduce as well as oxidise. 
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The present review deals with those fields of spectroscopy having to do 
with electronic states of molecules containing double bonds. Two main 
methods of approach are the qualitative interpretations of the absorption of 
organic compounds, comprising empirical correlations guided by quantum 
mechanical considerations, and the more direct application of quantum 
mechanics. A trend of increasing importance is the elaboration of the experi- 
mental approach, a notable feature of which is the determination of the 
polarizations of the absorption bands. 


QUALITATIVE INTERPRETATION OF THE ABSORPTION 
OF ORGANIC COMPOUNDS 


Although purely empirical correlations have proven invaluable to the 
dye chemist, they have failed to furnish anything approaching a satisfactory 
explanation of the absorption of organic molecules in terms of structure. 
However, encouraging advances of a qualitative nature have been made in 
recent years by evaluating absorption data in ways suggested by simple 
quantum mechanical considerations. Of several quantum-theoretical meth- 
ods, treated more fully in the second section, the valence bond method 
(which utilizes the notion of resonance between classical valence structures) 
serves most naturally for this purpose. 

As applied to organic compounds, the resonance concept constitutes a 
refinement of classical structural theory in that it substitutes for the single 
formula (for a given compound) of classical theory, a set of contributing 
structures which differ in the localization of the electrons, though not in 
the positions of the atomic centers. Concerning the contributing structures, 
some will make higher contributions to the actual structure than others. 

For those organic compounds which absorb light in the visible and neigh- 
boring regions, the contributing structures of the resonance theory are 
related in a characteristic way. Frequently, though not invariably, two 
and sometimes more identical most probable resonance structures can be 
drawn which are related in some respects as are the Kekulé structures of ben- 
zene, though often with the distinction that one may be derived from the 
other by electron shifts. In the resonance treatment, these identical struc- 


1 The survey of the literature pertaining to this review was concluded in January, 
1951. 
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tures are of special significance as extreme structures for the movement 
back and forth along the conjugated chain of electrons, but intermediate 
structures in which an electron has moved only a short distance also influence 
absorption. 

The foregoing general remarks are perhaps best followed by the use of 
actual examples; these will be chosen from the cyanine dyes, a series particu- 
larly well adapted to this study because of the variety of structural modifi- 
cations that may be made. 

The group common to the cyanine dyes is that characteristic of the 


amidinium i ion >N— C= _N < but with the conjugated chain expanded to 


>N(—C=C),—C=N< by the inclusion of the skeleton of one or more 
vinylene groups (‘‘vinylene’’ is —CH==CH—). In the cyanines, the ami- 
dinium ion system (or rather its vinylene prolongation) is so linked that the 
nitrogen atoms form part of heterocyclic rings, as in the vinylene homologues 
(or vinylogues, I), where the heteriocyclic nuclei are derived from the base 
quinoline. As with very many dyes, two identical extreme resonance struc- 
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tures Ix and ly may be drawn, resonance between which is indicated by the 
double-headed arrow <>. Dyes of this type may be synthesized with relative 
ease where n=0, 1, 2, or 3. 

Structures Ix and ly, for any value of 7, are the most plausible that can 
be devised, the choice between these and other possible structures being 
made on general chemical grounds (most stable electronic configurations 
of the atoms concerned, greatest number of bonds, etc.). Since Ix and ly 
are identical, one can obviously not be preferred to the other, and it is pre- 
cisely this situation which is characteristic of so many organic dyes. These 
structures are the extreme resonance structures, one being derived from the 
other by the movement of a positive charge from one nitrogen atom to the 
second, while the chain functions as an electrical conductor. In this process, 
the covalence of the nitrogen atoms is raised or lowered by one unit and the 
sequence of double and single bonds in the long conjugated chain between 
the nitrogens is reversed. 
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It is interesting that Witt in 1876 had grasped the notion of the coopera- 
tion of these two distinct functions in a dye molecule, though he had no 
inkling that the function of the conjugated chain, or chromophore, was to 
transmit electrical charge from one auxochrome to a second. 

In general terms, the auxochromes (Witt’s terms are conveniently re- 
tained in modern usage) are essentially atoms which, because of an unshared 
electron-pair, can function in two neighboring states of covalency, but the 
choice of such elements is virtually restricted to nitrogen, oxygen, and sul- 
fur. If such atoms are represented by A and B, then the linear resonating sys- 
tem present in many typical dyes becomes A—(—=—),=BeA=(—=),—B 
as, for example, in the amidinium ion, carboxyl ion, amide and amidine sys- 
tems. In all these examples, raising and lowering the covalence of the auxo- 
chromic atoms is accompanied by the movement of a charge from one to 
the other. This function is essential for dye character, but a given dye type 
may be modified in a great number of ways, hence the very considerable 
variety of dyes actually available. 

Pauling (1) has shown that a consideration of extreme resonance struc- 
tures alone is insufficient to account for light absorption. The charge has 
only a vanishingly small probability of passing directly from one auxochromic 
atom to the other. Rather, it will move down the chain in a series of short 
jumps as illustrated for II as follows (II is I where »=1). When the charge 
is located on one of the atoms of the conjugated chain, it gives rise to struc- 
tures intermediate between the extreme structures. Of such intermediate 
structures, two main types may be distinguished. In one set (IIa, b, and c), 
the positive charge of the dye is located on one of the carbon atoms of the 
chain. Intermediate structures of a second set (IIh, k) are tripolar and 
may be imagined to arise by polarization of the grouping at the uncharged 
end of the molecule in IIx. The negative charge thus produced passes down 
the chain until it reaches and neutralizes the positive charge at the other 
end, giving the second extreme structure Ily. The relative merits of the two 
types of intermediate structures are assessed as accurately as possible on 
the basis of qualitative considerations; thus, the monopolar Ila, b, and c 

+ 


have —CH— arrangements which are considered relatively more stable than 


98 
—CH— in IIh and k, but on the other hand these latter tripolar structures 
have one more double bond than Ila, b, and c and achieve a stability on 
this account. 

Quantum mechanics indicates how the synthesis of extreme and interme- 
diate structures into combinations which represent molecular states is to be 
accomplished [see for example Férster (2) and Herzfeld & Sklar (3)]. Moffitt 
(3a) has emphasized that structures having central symmetry such as IIb 
do not contribute to the first excited state in symmetrical molecules. The 
result may be qualitatively understood as follows. The IIx type does not 
describe the ground state adequately. Adding successively Ila, IIb, and 
IIc, say, improves matters, but a large stabilization and the best description 
of the ground state is obtained when I Ty is incorporated in a last step. The 
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final mixing leads to a splitting between the energy of Ily and the energy 
of the state compounded from IIx and the intermediate (or excited) struc- 
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tures. If no intermediate structures had been considered, the splitting would 
have been negligible. 

Relation between conjugated chain length and absorption.—lIf a dye of 
longer chain length than II is considered, the state compounded from IIx 
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and the excited structures is modified in that each of the excited structures 
contributes less, because there are more of them.? Yet only a particular one 
(that in which the charge is adjacent to the left-hand nitrogen atom) makes 
the interaction with Ily possible, so this interaction is diminished. The 
energy difference between the ground and first excited states is, therefore, 
less so that the characteristic frequency of the light absorbed by the dye with 
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the longer chain will be smaller (e.g., the dye I, »=2, will absorb at longer 
wave lengths than I, »=1) in qualitative agreement with a great mass of 
empirical observation (4, 5). 

Vinylogous series of symmetrical cyanine dyes are noteworthy in that 
the shift in absorption maximum on going from a dye with one chain length 
to that with the next longer chain length stays remarkably constant at 
approximately 1000A (5, 6). The postulate described above does not account 
for the constancy of this shift, but only its direction. 


? The sum of the fractional contributions of all the structures must be equal to 
unity. 
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Relation of absorption to the energy difference between extreme and interme- 
diate structures—In the cyanine series (and doubtless others also) it is pos- 
sible to compare two dyes which are similar in most respects but which differ 
in the energy difference between the extreme and intermediate structures. 
This is true, for instance, of III and IV, one extreme structure (x) and one 
typical intermediate structure (b) of each of which are shown. Intermediate 
structures of the types shown are derived from the extreme structures by 
transferring a positive charge from nitrogen to carbon; this involves the loss 
of a double bond from the heterocyclic nucleus originally carrying the charge. 
The loss of resonance stabilization resulting from this process depends on 
the aromaticity of the ring, being greater where the ring is most aromatic 
and most unsaturated. This loss is therefore greater for 1V than for III, so 
that the energy levels of the intermediate structures are higher, relative to 
the extreme structures, for IV than for III. The mixing in of intermediate 
structures turns out to be more difficult, so that for IV the situation is anal- 
ogous to the case considered already in which the lengthening of the chain 
led to a diminution in splitting. The final separation of the ground and 
excited levels is therefore less for IV than for III, and IV will absorb 
at the longer wavelength, as is actually the case. [The problem was phrased 
in somewhat the above form in 1942 (7), but Forster had already put for- 
ward much the same idea, though in a different form (2).] 

The strong attraction of an uncharged thiazole nucleus in IV for a posi- 
tive charge, resulting from the greatly increased resonance stabilization 
associated with the presence of two conjugated double bonds in the charged 
(thiazolium) form of the ring, corresponds to what may be termed high 
basicity. As a part of one of these dyes, thiazole is thus more highly basic 
than the dihydrothiazole, or thiazoline, ring in II]. However, III and IV 
differ in more than basicity. Additional conjugation in IV makes it possible 
to write the polarized structures shown in V, which extend the scope of 
possible charge migration in the dye ion to the carbon atoms of,the rings 
lying beyond the auxochromic nitrogen atoms, possibilities which do not 
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exist for the more saturated thiazoline nuclei in III. It is reasonable to attrib- 
ute greater depth of color (shift to longer wavelengths) to this ‘‘extra- 
chromophoric” conjugation in IV relative to III, and much of the consider- 
able difference between the two dyes may, in fact, be the result of this effect 
(cf. (8).] Comparisons of a number of other dyes, however, make it probable 
that the role of basicity in deepening the color is, nevertheless, an important 
one (9). 
For a few nuclei the attraction of the uncharged form of the ring for 
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a positive charge appears to be exceptionally high, as for example, in the 
3-linked isoquinoline ring, where entrance of a fifth double bond (VI) 
into the ring confers full aromatic stabilization on a system each ring of 
which otherwise has stability corresponding only to an o-quinonoidal ar- 
rangement. In a symmetrical dye VII derived from this ring system it is 
clear that an intermediate structure of the type of VIIa has extremely high 
energy, for the rings are both in the very unstable bis-quinonoidal form. On 
the other hand, the full aromatic stabilization of the rings in the tripolar 
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structures VIIh and k, gives these structures relatively low energy. The 
more important intermediate structures, VIIh and k, may therefore be 
almost, if not quite, as stable as the extreme structures. The separation of 
the ground and excited levels for this dye is predicted to be very great, as 
indeed it is from its absorption at remarkably short wavelengths (9). 

A similar effect to that found with VII is observed when a re in 


the chain of a cyanine, at that position where it can become —CH—, as 
in VIIh and k, is replaced by ==N—, which can assume a negative charge, 
98 


in —N—, with relative ease. Dye IX is of this type, and it is interesting to 
compare it with VIII. In IX, the structure IXh constitutes an intermedi- 
ate structure that will not differ greatly in energy from an extreme structure 
IXx; the resonance interaction will therefore be enhanced (even though 
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Ss) + 

other intermediate structures with —CH— and —CH— have their normally 
high energy), and IX will absorb at shorter wave length than VIII (9). 

Absorption of unsymmetrical dyes ——If{ in a cyanine the two nuclei are 
different, the result is an unsymmetrical dye, e.g., X where the rings are 
derived from the bases benzothiazole and quinoline. The two extreme 
structures (Xx) and (Xy) are no longer identical, and if, as seems likely, 
the quinoline ring is the more basic, Xx will have the lower energy. The 
dye, nevertheless, absorbs with \ max. very close to that calculated by aver- 
aging the absorptions of the tworelated symmetrical dyes VIII and II. This 
type of relationship holds for a large number of other unsymmetrical cyanines 
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in which the two nuclei do not differ radically in basicity, but where the 
difference is considerable, a marked deviation between the observed and 
calculated values of \ max. is found, the observed value characteristically 
lying at shorter wave lengths than that calculated. This generalization is 
illustrated in XI, an unsymmetrical cyanine containing a pyrrole ring linked 
to pyridine. 

The nature of the pyridine ring makes it possible to draw two pyridinium 
formulae XIx’ and XIx”, from which possibility considerable resonance 
stabilization will accrue. On the other hand, the pyrrole ring is so constructed 
that the pyrrolinium structure may be written in only the one way Xly, 
so that of the two structures it will have the higher energy. The resonance 
interaction for this dye is now between two extreme structures which differ 
considerably in energy, and the interaction will be decreased. Nevertheless, 
the final separations of the g (ground) and e (excited) levels will be rela- 
tively great because of the appreciable separation of the x and y levels. 
Furthermore, the greater the difference between the x and y levels, i.e., 
the greater the energetic asymmetry of the extreme structures, the greater 
will be the separation of the g and e levels, and the greater will be the “devi- 
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ation”’ mentioned above. This reasoning is convincingly supported by much 
data (10). 

The inability of a small asymmetry of the extreme structures in the 
almost-symmetrical X to produce an appreciable deviation is an example of 
a sensitivity rule (7) of general applicability. A closely related finding is 
that a structural asymmetry that gives rise to a given deviation in an un- 


symmetrical dye of one chain length produces a greater deviation when the 
chain is made longer. 
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The merocyanines.—The usefulness of the resonance treatment of dyes 
is probably nowhere better demonstrated than in the satisfactory, yet simple, 
account it offers of the absorptions and certain other properties of the group 
of unionized dyes known as merocyanines, compounds characterized by the 
amide resonating system. 

A typical example of a dye of this class is XII, in which a basic nucleus 
(quinoline) is linked to an acidic nucleus (rhodanine). In these dyes, extreme 
resonance structures may be devised which are respectively uncharged 
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(x) and dipolar (y). In the dipolar structure each heterocyclic nucleus ac- 
quires a double bond, above any present in the uncharged structure. The re- 
sultant gain in resonance stabilization tends to offset the higher energy 
associated with charge separation. 
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In these dyes three situations are predictable and do in fact arise (11). 
In one situation the uncharged extreme structure is of lower energy than the 
dipolar structure, as in XIII, in which dye a relatively feebly basic nucleus 
is linked to one that is rather feebly acidic. Dyes of this type are soluble in 
nonhydroxylic solvents, have low dipole moments (12), and their absorptions 
are shifted somewhat to longer wavelengths with increasing polarity of the 
solvent (i.e., as the dipolar extreme structure becomes increasingly stabilized 
by solvent action). In a second situation, the extreme structures are of about 
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the same stability when the dye is dissolved in a solvent of a given moderate 
polarity such as methanol; this type is exemplified by XII, where a strongly 
basic nucleus is linked to one of moderate acidity. Such dyes show only 
small deviations, their absorptions are not greatly affected by change in 
solvent, and they have moderate dipole moments (12). In a third type, e.g., 
XIV a strongly basic nucleus with high affinity for a positive charge is linked 
to one with high electron affinity (notice the two locations for the charge 
in XIVy). Such dyes are predominantly polar in character; they have ex- 
tremely high dipole moments (12), much higher solubility in hydroxylic 
solvents than the other types, and show considerable deviations because of 
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the preponderance of the dipolar structures, which deviations are increased 
in strongly polar solvents (11). The absorptions of dyes of this type are 
strikingly shifted to shorter wavelengths with increasing polarity of the sol- 
vent, i.e., with increasing asymmetry of the extreme structures. 
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Relation of steric hindrance to planarity and absorption—Pauling has 
pointed out that the steric requirements of the extreme and other contribut- 
ing structures in a resonating system tend to make such systems co-planar 
(13). Not infrequently, however, it happens that a given molecule is crowded 
so that complete planarity of all the component parts relevant to the con- 
jugated system cannot be attained. The subject has been reviewed by Jones 
(14), Brooker et al. (15), and Ferguson (16). A typical example is afforded 
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by a comparison of the spectra of biphenyl and dimesityl. The spectrum of 
the former differs radically from that of benzene, a relationship which has 
been explained on the assumption that in biphenyl the two rings interact 
with each other with the participation in the resonance of polar structures 
such as XV the central double bond of which requires co-planarity of the 
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rings. If now the ortho hydrogens are replaced by methyl, as they are in 
dimesityl, these methyl groups crowd each other severely in a planar arrange- 
ment (XVI) analogous to XV, with the result that one ring is rotated out 
of the plane of the other. There is, therefore, little interaction between the 
benzene rings in dimesityl, and the adsorption resembles that of two mole- 
cules of mesitylene rather than that of biphenyl (17). 

Considered as a ‘‘dye,”” a substance such as biphenyl is highly unsym- 
metrical (whence its absorption at short wavelengths) and the restoring 
force to any steric crowding from planarity will be small. The restoring force 
for symmetrical and even unsymmetrical dyes is probably greater, but in 
any event dyes much more grossly crowded from planarity than XVI show 
typical dye behavior. They usually absorb at longer wave lengths as a 
result of crowding but with diminished ¢€ max. The dye represented by 
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XVII shows no evidence of crowding. It seems likely that the 3- and 3’-hydro- 
gens move away from each other as indicated by the arrows, and this adjust- 
ment, combined with a number of small adjustments in bond angles, serves 
to preserve planarity. The 3,3’-dimethyl derivative XVIII must be much 
more crowded, yet this substance retains its dye character, that is, it cer- 
tainly does not absorb like two completely isolated quinoline rings (15). 

Certain dyes have been examined which comprise three ring-systems 
between which interaction is possible. If such systems are crowded, then that 
grouping which is held in the plane by the least resonance stabilization might 
be expected to be that which is rotated out of the plane. This appears to be 
true of a number of dyes studied by Bruylants, Van Dormael & Nys (18) 
including a 9-phenylthiacarbocyanine, the least crowded, and therefore most 
plausible, projection of which is XIX. The absorption of XIX is very like 
that of the dye without the 9-phenyl group, hence the phenyl group is as- 
sumed to be twisted out of the plane of the rest of the molecule. However, 
the persistence of dye character in the face of crowding such as that in XVIII 
and XIX must be borne in mind in drawing conclusions such as this. 
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An interesting dye, XX [reported by Seel & Suchanek (19)] is related to 
crystal violet but has methyl groups ortho to one of the —N(CHs)2 groups. 
These o-methyl groups do not crowd one of the three rings out of the plane 





xx 


of the other two, rather they tend to twist the adjacent —N(CHs)2 group 
out of the plane of the benzene ring to which it is attached. When present 
in vic. N,N-dimethylxylidine, such crowding completely nullifies the p- 
directing influence of the —N(CHs)2 group, yet it has a relatively small effect 








xx 


on the absorption of XX. The apparent contradiction is resolved in that 
energy of excitation bears a direct proportionality to the frequency of the 
absorption, whereas activation energy enters into reaction velocity expo- 
nentially. 











SPECTROSCOPY 135 


APPLICATION OF QUANTUM MECHANICS 


The process begun in 1937 by Sklar (20) of calculating transition energies 
for unsaturated organic molecules has been continuing energetically. A 
useful review given by Maccoll (21) stresses the uncertainties arising from 
two causes: the very considerable mathematical approximations introduced, 
and the lack of assurance that the bands calculated correspond from the 
standpoint of symmetry classification to the ones observed. 

Mulliken (22) has reviewed the application of theory to the general prob- 
lem of molecular electronic spectra. Other valuable reviews have been given 
by Walsh (23) on far ultraviolet spectra, by Coulson (24) on molecular 
orbital theory, and by Longuet-Higgins & Wheland (25) on theories of 
valence. 

The aim here is to bring the subject up to date. The recent theoretical 
work lends itself to classification according to the degree of approximation, 
and will be discussed, roughly, in order of increasing refinement. 


UNCERTAINTY PRINCIPLE REASONING 


A number of papers have appeared recently which discuss the electronic 
energy levels in terms of a model. The model which has (with few exceptions*) 
been recently employed consists in assuming that the unsaturation electrons 
can be represented as moving in a one-dimensional box type potential 
field. It was first applied by Bayliss (30) who calculated transition energies 
and intensities for polyenes; it was applied independently, first by Kuhn 
(31, 32) and later by Simpson (26) to molecules like the cyanine dyes, and 
was used by Platt (33) to classify the spectra of cata-condensed (aromatic) 
hydrocarbons. Reference to earlier papers which foreshadowed the develop- 
ment will be found in Platt’s paper, and Walsh’s (23) name should be added 
to the list. 

Subsequently, Kuhn (34) and Bayliss (35, 36) indicated an improvement 
for the case of polyenes if the flat bottom of the box is replaced by a field 
with the periodicity of the attracting nuclei. There is some evidence based 
on the linear combination of atomic orbitals (LCAO) molecular orbital 
method that the regions in between carbon atoms ought to be treated as 
valleys in the potential curve.‘ Kuhn (34) and Simpson (37) applied the 


8 Simpson (26) indicated an interpretation of the Lewis & Calvin theory (27) 
which bears the same relation to the valence bond method as the free electron model 
discussed here bears to the molecular orbital method. Kuhn (28) treated polyenes by 
a method which is an improvement of the Lewis & Calvin theory, with striking re- 
sults. Braude (29) correlated intensities of polyene and of cata-condensed hydrocarbon 
bands with molecular dimensions. 

4 The empirically determined negative sign of the LCAO parameter 6’ =8—sa 
= [oi:Hojdr — [oibjdrfoiHoidr (¢i and ¢; are adjacent atomic orbitals) suggests that 
the region occupied by overlapping 7 atomic orbitals between two centers is one of 
lower potential than the region occupied by the z orbital at a center. The overlap 
integral s has to be included in the expression for 8’ in order to make the comparison 
between the regions “‘fair.’’ 
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model to porphines and in the latter paper there was disclosed a formal 
identity between the free electron model in finite difference form and the 
LCAO molecular orbital method when overlap is neglected. Kuhn (38), 
treating the case of systems which are topologically multiply connected, 
gave an interesting interpretation of the color of Wursters salts.5 Nikitine 
(39) emphasized the possibility of obtaining the theoretical polarizations 
and (40) indicated a modification in the shape of the potential to correspond 
to the increased electronegativity of heteroatoms. Unfortunately, in the 
model the charge of the electrons is neglected. Simpson (37) reported 
briefly the use of perturbation theory to supply a correction to antisym- 
metrized free electron orbital energies. Platt (41), in a paper on applications 
of the molecular orbital method, discussed the effect of interelectronic and 
configuration interaction, and Herzfeld (42) discussed nodes in molecular 
orbitals, each discussion being general so as to throw light on the free electron 
model. 

As long as it is required simply to calculate the energy difference between 
two electronic states, there is little doubt that solutions of a Schrédinger 
equation for almost an arbitrary potential field, together with a procedure 
for filling up single particle states with two electrons per state, (molecular 
orbital configuration approach) can be made to give reasonable results 
(hence the title of this sub-section). It appears that there should be a close 
liaison with experiment on the matter of obtaining as complete and well 
understood a term scheme as possible for single molecules (and with atten- 
tion paid to term schemes of related molecules), in order to ‘‘sharpen’”’ the 
determination of the empirical best shape for the potential field. 


SIMPLE MOLECULAR ORBITAL THEORY 


The LCAO molecular orbital method for the calculation of energy levels 
[see Hiickel (43), and subsequently Mulliken & Rieke (44), Davydov (45), 
and Léwdin (46)] has the notable feature that it is quite easy to apply. In 
cases where advantage can be taken of symmetry, calculations can be made 
for very large molecules indeed. It is noted in passing that the LCAO theory 
has shown great promise in the treatment of ground state phenomena (such 
as bond lengths, electron densities, etc.) and a system which has considerable 
mathematical beauty has been developed, chiefly by Coulson & Longuet- 
Higgins (47). 

German (48, 49), Davydov (50), Coulson (51) and Simpson (26) treated 
naphthalene; Coulson’s paper was more general, in that various cata- 
condensed hydrocarbons were also considered. In a sequel, Longuet-Higgins 
(52) indicated a formal advantage that the LCAO method possesses over 
the valence bond method: in the latter, certain symmetry species are not 
represented unless ionic structures are employed. Van Dranen & Ketelaar 


5 The theoretical justification for the assumed “continuity conditions” is not easy 
to find. 
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(53) treated naphthalene less empirically. These calculations on naphtha- 
lene make the lowest few singlet-singlet transitions allowed, which may 
be erroneous (see ELABORATION OF THE EXPERIMENTAL AP- 
PROACH). 

A treatment of the spectrum of porphine, in which heteroatoms were not 
treated differently from carbon atoms, was given by Simpson (37) who 
concluded that the energy levels were not well described by the calculation. 
Longuet-Higgins, Rector & Platt (54) also performed the calculation, 
pointing out that the symmetry classification of the levels was probably 
given correctly and that agreement with respect to the term values could 
be improved if account were taken of the heteroatoms by means of perturba- 
tion theory. Platt (41) treated the first two to five observed transitions of 
16 molecules generally with good results. He distinguished two extreme 
types of fields in which the unsaturation electrons move, the round field 
(like that for benzene) and the long field (like that for styrene), and stated 
that LCAO calculations are likely to be more accurate for the latter, the 
reason being that in the former there is a greater chance for configurational 
interaction (a mixing of electronic states which have the same symmetry), 
which is not taken into consideration by the simple LCAO theory. 

Matsen, Robertson & Music (55 to 58) [see also Lyons (59)] in an 
interesting series discussed the spectra of a number of substituted benzenes. 
[Earlier, Sklar (60) and Férster (61) explained variations in intensity for 
various benzene derivatives.] Matsen showed that the LCAO method is not 
as flagrantly bad an approximation to the first singlet-singlet transition 

energy as might appear. A technique of perturbation theory employing 
’ linear combinations of LCAO molecular orbitals was used [as advocated by 
Dewar (62)]. Dewar (63) recently applied perturbation theory in a discussion 
of dyes; he treated color “shifts’’ which were hitherto understandable only 
qualitatively in terms of resonance theory. 

Roothaan & Mulliken (64) treated borazole as related to benzene, and 
discussed level symmetry and multiplicity. Pullman & Berthier (65) sum- 
marized previous work on dienes and calculated transition energies for 
cyclopentadiene and cyclohexadiene. Pullman (66), assuming the interpreta- 
tions of Platt (33), compared calculated and observed frequencies for the 
two longest wavelength absorption bands of a large number of aromatic 
hydrocarbons. 

A study of the spectra to be expected for pentalene, fulvalene, heptalene, 
and biphenylene has been made by Brown (67) and a discussion of pentalene 
given by Craig & Maccoll (68) who called attention to a discrepancy between 
the valence bond method and the molecular orbital method. 

Finally, Van Dranen & Ketelaar (53, 69), and Mulliken (70) have 
calculated the parameters which occur in the theory on an almost non- 
empirical basis, and Mulliken (70), in an important analysis of the LCAO 
method, has studied the errors likely to arise out of alternative semi-empirical 
approaches. Slater (70a) has shown that a simplified treatment of the 
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Hartree-Fock equations leads to an intuitively satisfactory interpretation 
of the orbital approximation for molecules and solids. His simplification 
lends the LCAO method plausibility and rigor. 


HIGHER APPROXIMATIONS 


The method of Goeppert-Mayer & Sklar—The method is considerably 
closer to a straight quantum mechanical calculation than the LCAO method 
discussed above. In addition to the ‘‘ground-breaking”’ paper by Goeppert- 
Mayer & Sklar (71), there have been a number of exploratory papers. 
Goeppert-Mayer & McCallum (72), in treating Wurster’s salts, included a 
number of previously neglected integrals. Hartmann (73) calculated levels 
for ethylene but used an incorrect wave function for a singlet state. London 
(74), working on diphenyl® recalculated the benzene energies, and Griffing 
(76) calculated properties of excited benzene. Simpson (26) treated penta- 
dienyl anion and noted that the simply determined LCAO molecular orbitals 
used were not likely to be optimal. These calculations have the common 
failing that numerical values of certain of the integrals used were erroneous 
(77). 

Parr & Crawford (77, 78, 79) improved matters in a series of papers on 
ethylene and benzene vibration frequencies, in which high accuracy was a 
prime consideration. They calculated the level scheme for ethylene as a 
function of twist [see also Mulliken & Roothaan (80)], taking into account a 
mixing of the doubly excited state (both m electrons in the anti-bonding 
molecular orbital) with the ground state. This improvement, generalized, 
has been taken up by others, and by analogy with the atomic case the mixing 
has been named configurational interaction. In the second paper, they dealt 
with the evaluation of integrals, critically reviewing the work of Sklar & 
Lyddane (81) and of others, and evaluating new integrals [see also Kopineck 
(82)]. In the third paper, they calculated tentative values of certain benzene 
twisting force constants and noted their unjustified neglect of ‘‘three- and 
four-center”’ integrals. 

An important calculation by Parr, Craig & Ross (83), which incorporated 
refinements introduced earlier by Craig (84) and by Roothaan & Parr (85), 
takes into account all three- and four-center integrals as well as almost all 
configurational interaction. The calculation virtually completes the 7 
electron theory of the benzene electronic states. There is much experimental 
work to be done before it will be known whether or not the calculation is 
essentially in agreement with experiment, but nothing has so far been found 
to prove that it is not [see Hammond et al. (86)]. Moreover, results agree 
with a valence bond calculation by Craig (87). Significantly, the high sym- 
metry of benzene completely determines the coefficients of the atomic 
orbitals in the molecular orbitals. 


6 Davydov (75) calculated the levels for diphenyl assuming a van der Waals in- 
teraction between the phenyls, each of which was considered to be characterized by 
the Goeppert-Mayer & Sklar wave functions. 
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In molecules which have a lower symmetry, it may be that the use of 
molecular orbitals with coefficients determined by the simple LCAO semi- 
empirical theory will have to suffice. Recently, Parr & Mulliken (88) [see 
Blyumenfel’d (89)] made a start toward the more rigorous employment of 
molecular orbitals which are made up from atomic orbitals according to a 
variational principle. The details were worked out by Roothaan (90) after 
the Hartree-Fock method for the atomic case, thus the scheme has been 
called an LCAO self-consistent field calculation. Parr & Mulliken obtained 
a disappointingly large value for the singlet-triplet split. This discrepancy, 
obtained by most workers using the method of Goeppert-Mayer & Sklar, 
was not found in the calculation of Parr, Craig & Ross (83) (see above). 
Probably the improvement is to be attributed to the inclusion of con- 
figurational interaction, because the method, before account is taken of 
mixing with higher energy configurations, makes the singlet states, particu- 
larly, too ionic. 

A calculation of the levels of naphthalene by Jacobs (91), in which a 
certain amount of configurational interaction is taken into account, does not 
succeed in removing a discrepancy between the molecular orbital and valence 
bond method results of Blyumenfel’d (92) and of Craig (93) according to 
which the lowest singlet-singlet transition is forbidden. It would inevitably 
succeed in doing this if polar structures were correctly taken into account 
in the valence bond theory, and configurational interaction correctly taken 
into account in the molecular orbital theory, for then the theories become 
identical. [This was discussed first by Longuet-Higgins (52).] 

The valence bond method.—According to Craig, the valence bond method 
has the advantage that its first approximation wave functions are, even 
without the inclusion of ionic terms, markedly better than the first approxi- 
mation in the anti-symmetrized molecular orbital method. This idea is 
supported with quantitative data in a recent summarizing paper (94). A 
difficulty which remains is that Craig’s valence bond calculations have not 
been made with a precision comparable to the accurate molecular orbital 
calculations. There are, in fact, many more empirical features in the valence 
bond calculations. 

In a series of three papers, Craig (95, 96, 97) [see also Jean (98)] contrib- 
uted toward constructing a satisfactory valence bond theory. He first at- 
tempted to assign a step-out in the ethylene absorption spectrum to the 
first forbidden singlet-singlet transition. This has been criticized by Moffitt 
(99). He then dealt with the mathematics of introducing polar structures, and 
(using the ethylene assignment) calculated the necessary empirical param- 
eters. Finally, applying his method to benzene, he obtained results which 
are rather similar to those of Parr, Craig & Ross (83). With regard to the 
disputed ethylene assignment, Craig is probably essentially correct, for the 
calculation of Parr & Crawford (77) puts the transition in the region of the 
intense allowed band so that Craig’s valence bond parameters are reasonable, 
if not optimal. 
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Van Dranen & Ketelaar have reported a nonempirical calculation of 
valence bond parameters (100). 

Several rather less critical applications of the valence bond method have 
been made. Maccoll (101), in calculating the light absorption and resonance 
energies of some heterocyclic molecules, avoided the use of excited structures. 
Simpson (26) applied the method to polymethine dyes and attempted to 
circumvent the complication of ionic structures by calculating the levels of 
free radicals related to the dyes but having one less electron. This approach 
has the defect of the simple LCAO method in that it neglects the singlet- 
triplet splitting. 

Baldock (102) [see also Seel (103)] estimated the position of the levels 
in a large number of aromatic hydrocarbons but with the neglect of excited 
structures. This work is surprising, because although there appears to be 
good agreement between calculated and observed levels, it is known from 
other work that the contribution of Kekulé type structures to the states of 
large polyacene molecules is very small indeed. [Noted by Pullman (104) 
who gives the contribution to the ground state by Kekulé or unexcited 
structures for the series benzene, naphthalene, anthracene, naphthacene, as 
respectively: 0.78, 0.54, 0.10, and 0.00.] It is apparent from this incongruity, 
and in fact from various features of the discussion in this theoretical section, 
that the importance of the experimental approach has not been diminished, 
but on the contrary has been augmented by current theory. 


ELABORATION OF THE EXPERIMENTAL APPROACH 


There has been a considerable change in the sort of experimental in- 
formation that is regarded as necessary; formerly photoelectric absorption 
spectrophotometry yielded the principal data, now a variety of other 
measurements must be considered. 

A rough division of recent research into two classes is made here. The 
first grows out of a difficulty that is currently experienced in the application 
of theory, namely, the assignment of symmetry species to the electronic 
levels (or, equivalently, determination of the polarizations of the absorption 
and emission bands). This trend belongs to molecular, as opposed to atomic, 
spectroscopy and requires the theory of group representations. An account 
of the use of group theory is given by Sponer & Teller (105); an introduction 
to the principles is given in the book Quantum Chemistry by Eyring, Walter 
& Kimball (106), or more comprehensively in the book Gruppentheorie by 
Wigner (107). 

Researches of the second class are not as intimately connected with 
present theory, but are likely to exert a considerable influence on future 
theory. These researches comprise applications of techniques in atomic 
spectroscopy. Several books which provide a background for understanding 
the recent developments are Phosphorescence and Fluorescence by Prings- 
heim (108); Resonance Radiation and Excited Atoms by Mitchell & Zemansky 
(109), and The Theory of Atomic Spectra by Condon & Shortley (110). 
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SYMMETRIES OF THE LEVELS 





Perturbation effects—A timely statement of the important réle played 
by the symmetries of the levels has been given by Platt (111). He empha- 
sized an approach by which the polarizations are inferred from perturbation 
effects. Pioneer work of this nature has been done by Clar (112) and by 
Jones (113) and their co-workers. Brooker’s study of convergence in vinyl- 
ogous series is closely related (7). 

More recently, Hirshberg & Jones (114), Clar (115, 116, 117), and Platt 
and Klevens and co-workers (111, 118 to 121) have published in this field. 
A typical example is the disclosure by Mann, Platt & Klevens (120) of the 
close resemblance between the absorptions of azulene and naphthalene, so 
that a determination of the symmetry classification of a certain band in the 
spectrum of one should lead to a determination of the polarization of the 
corresponding band in the other molecule. Clar (117) recently criticized this 
conclusion but the criticism seems to rest on not as yet firmly established 
grounds. 

Doub & Vandenbelt (122, 123) examined the spectra of a number of 
benzene derivatives and showed, convincingly, that the bands in unsubsti- 
tuted benzene maintain their ‘‘identity’’ under a variety of substitutions.’ 
Pullman, Mayot & Berthier (124) have discussed the changes in the levels 
of azulene (calculated by the simple LCAO theory) attendant upon methyla- 
tion. The fact that the calculated results agree with the observed shifts for 
methyl substitution at various positions tends to confirm the assignment 
given by LCAO theory. Evidence based on perturbation effects needs to be 
abundantly confirmed, however, and a more direct means for determining 
the symmetries of bands is desirable. 

Use of polarized light—Feofilov (125, 126) has given two articles of a 
review nature. The second, which deals with the effect of molecular structure 
on polarized luminescence, serves as a reminder that electric dipole radiation 
is not invariably to be expected in emission; and calls attention to the 
possibility of obtaining information from the quantitative degree of polariza- 
tion [see also Jablofski (127)]. 

A straightforward experimental approach to the problem has been made 
by Scheibe and co-workers, a notable example being a demonstration for 
hexamethylbenzene of the reality of w electron transitions (128) [see also 
the work by Krishnan & Seshan on chrysene (129)]. Another example is 
provided by the research of Lewis & Bigeleisen (130) on Wurster’s blue. 
They produced the substance by photo-oxidation of tetramethyl-p-phenyl- 
enediamine, using polarized light. Since they employed a rigid solvent, 


7 It seems likely that the interpretation of the anomalous spectra of p-disubstituted 
benzenes in which one substituent is electron-donating and the other electron-accept- 
ing may be in error. The authors identify these spectra with the 2000 A benzene band, 
while it seems possible that they arise from one of the degenerate components of the 
1830 A band. This follows from the theoretical consideration that the upper level is 
represented by resonance among ionic structures (87). PR OPE RTY OF 
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the molecules produced by the photo-oxidation were oriented in a direction 
depending upon the polarization of the absorption band of the parent amine. 
Subsequent absorption spectrophotometry with polarized light revealed 
that the visible band of Wurster’s blue was polarized in a sense perpendicular 
to the 3100 A band of the amine. The amine band is probably polarized in 
the short direction (131), which, moreover, is in accord with Goeppert- 
Mayer and McCallum’s theoretical result (72) that the Wurster’s blue 
absorption is polarized in the long direction. 

Weissman (132) [see also Sveshnikov & Ermolaev (133)] has recently 
measured and discussed the polarization of the singlet-singlet and triplet- 
singlet luminescences of dibenzoylmethane chelate compounds. By exciting 
with ultraviolet light which has passed through a Wollaston prism, he 
obtained two horizontal strips of luminescence, one above the other, excited 
by mutually perpendicular polarizations and from which a simple analysis 
is possible. Fenimore (134) has obtained the polarization of ‘‘the nitroso 
band”’ by assuming a particular orientation of m-nitrosonitrobenzene mole- 
cules in solid solution in nitrobenzene crystals, and Koch (135), working with 
oriented crystals of dicinnamyl, has obtained the polarizations of the two 
styrene-like bands at 2850 A (transverse) and 2450 A (longitudinal). 

Vibrational analysis—An elegant method of obtaining experimental 
symmetries, applicable in cases where a reasonably complete analysis of the 
vibrations of the molecule can be made, consists in studying the details of 
the structure of electronic bands. This method was applied in the study of 
the first singlet-singlet transition (2600 A) in benzene by Sponer, Nordheim, 
Sklar & Teller (136) [see also the paper by Sponer on substituted benzenes 
(137)], and in a series of papers by Garforth, Ingold & Poole (138), sum- 
marized by Garforth (139). It was concluded that the symmetry type of the 
upper level is Bo,, that there is a reasonable decrease in the force constant 
for the ring breathing vibration, and that the excited state carbon-carbon 
interatomic distances are each increased by about 2.7 per cent.® Craig (142) 
estimated the intensity of the band numerically from a consideration of 
the E,*+ perturbation, while Roothaan & Mulliken (64) have called attention 
to the still existing possibility that the upper state may have By, symmetry. 

Shull (143) [see also Dikun & Sveshnikov (144, 145)] analyzed the 
structure of the benzene triplet-singlet emission band at 3400 A. He observed 
éx, and be, vibrational levels and from this concluded that the singlet level 
which mixes with the triplet level in order to make the emission possible is 
of symmetry By,. McClure (146) and subsequently Weissman (147) deduced 
the intercombination selection rules, with the aid of which it was concluded 
that the symmetry of the emitting triplet is Bo,, in disagreement with current 


§ Recently Craig (140), making use of the generalization of the Franck-Condon 
principle for polyatomic molecules, confirmed the figure 2.7 per cent for the expansion 
of the benzene ring in going to the excited state, and Altmann (141) has discussed the 
relation between the Franck-Condon frequencies of absorption and fluorescence for 
anthracene. 
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theory (83). Craig (148) pointed out that the reasoning may be invalidated 
when account is taken of the possibility of perturbation by the in-plane 
component of the spin-orbit coupling operator. 

Bass & Sponer (131) examined the fluorescence of fluorobenzene, con- 
cluding from a vibrational analysis in agreement with Wollman (149) that 
the transition was (C2, symmetry) B,;—A, (transverse). Sponer et al. (150 
to 154) have studied the corresponding band in a number of substituted 
benzenes [see also Sreeramamurty (155)]. 

Sponer & Nordheim (156) analyzed tentatively the lowest singlet-singlet 
transition in naphthalene and favor the assignment of the upper level to 
the species A, (in agreement with valence bond theory, but in disagreement 
with molecular orbital theory). They reported that the band system in the 
region 2900 to 2500 Ais probably due to a single allowed electronic transition, 
the polarization of which cannot be determined by the technique of vibra- 
tional analysis. Prikhotko (157, 158) has given a detailed experimental 
treatment of naphthalene absorption. [See also Arb4d (159) and Blyumen- 
fel’d (160)]. 


MeEtTHODsS OF ATOMIC SPECTROSCOPY 


Emission from metastable levels —The study of emission spectra is not in 
itself a particularly new development but the recent solution work in rigid 
media has opened up new opportunities for the investigation of electronic 
states of molecules.* With respect to earlier work, the reader is referred to 
Kasha’s article (162) and to a discussion by Forster (163). In a short sum- 
mary given by Kasha (164) of the most recent work, several empirical 
generalizations were made: the emitting level of a given multiplicity is the 
lowest excited level of that multiplicity (the lowest triplet level is considered 
as being excited); the singlet-triplet intersystem crossing is of high enough 
probability to compete with a strongly allowed emission. 

McClure (165) measured the lifetimes (half-lives for exponential decay) 
of luminescence for a wide variety of compounds, finding that the degree of 
mixing of emitting triplet with singlet states can be understood on the basis 
of the spin-orbit coupling parameter of the atom in the molecule which has 
the highest atomic number. In discussing the role of the rigid medium [see 
also Sveshnikov & Petrov (166) and Sveshnikov & Dikun (167)] he pointed 
out that the solvent must be able to remove increments of vibrational energy 
in order that an appreciable concentration of molecules can build up in the 
triplet state. Kasha & Powell (168) discussed the intersystem crossing phe- 
nomenon [see also Sveshnikov (169)]. 

Kasha & Nauman (170) [see also Faidysh (171)] proved by fluorescence 
measurement that the lowest excited singlet level of naphthalene was not 
to be associated with the 2900 to 2500 A band system but rather with a 
separate very weak transition, thus contributing to a clearing up of a 


® Recently, Freed & Hochanadel (161) were able to measure the absorption of 
8-carotene in liquid solution at the temperature of liquid nitrogen. 
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discrepancy in the theory of naphthalene (91, 92, 93). The evidence that the 
emission studied is singlet-singlet comes from its comparatively long lifetime 
(10-* sec.) and from the insensitivity of the corresponding absorption in- 
tensity to substitution in the molecule of heavy atoms (165). 

The reverse of emission from metastable levels is often detectable. Thus, 
Reid (172) located a band system in ethylene which may be a singlet-triplet 
absorption, and has used a multiple reflection technique to photograph a 
singlet-triplet band system for pyridine in the region near 3150 A (173). He 
found a weak transition in liquid pyridine near 3750 A which he attributed 
to a singlet-triplet transition in which a nonbonding electron on the nitrogen 
is excited into an anti-bonding 7 molecular orbital. Pitts (174) has carefully 
reinvestigated the benzene singlet-triplet absorption at 3450 A, 

Yuster & Weissman (175) studied the emission from dibenzoylmethane 
chelated with various metals, and found an enhancement of effects due to 
spin-orbit coupling in the case of the paramagnetic gadolinium chelate 
compound. Mention should be made of the photomagnetism experiment of 
Lewis, Calvin & ‘Kasha (176) in which the metastable excited level of fluo- 
rescein was shown to have a magnetic susceptibility corresponding to two 
unpaired electrons and thus to be a triplet state. 

Schiiler has observed emission in benzene derivatives, excited by electron 
impact. The interpretation of his results is not yet clear (177), but his gas- 
phase technique may well complement the work in rigid media. [See also 
Dikun (178).] 

Transfer of excitation energy.—Forster (179) and Vavilov (180 to 183) 
have given a quantum mechanical explanation of an effect noted much 
earlier, called sensitized fluorescence, in which the locus of electronic excita- 
tion migrates from molecule to molecule in a solution even when the average 
distance between molecules is several molecular diameters. This effect is 
not caused by absorption and reemission of light; if the electromagnetic 
field caused by a nonstationary state (e.g., linear combination of ground 
and first excited singlets) of a molecule is analyzed into transverse and 
longitudinal components, then it is chiefly the longitudinal (unquantized) 
component which induces a transition in a neighboring molecule. This 
effect and related phenomena have been authoritatively reviewed by Franck 
& Livingston (184). 

Watson & Livingston (185) deduced the existence of sensitized fluores- 
cence in experiments on the quenching of fluorescence in chlorophylls. Fér- 
ster (186, 187) [see also Vavilov, Galanin & Pekerman (188)] in a study of 
the quenching of fluorescence of trypaflavine by rhodamine B adduced evi- 
dence for the phenomenon. He showed that his results could not be caused 
by an internal filter effect, and that they were essentially viscosity inde- 
pendent. The onset of sensitized fluorescence at concentrations in the 
neighborhood of 5X10-* M led Forster to conclude that the interaction can 
take place over distances as great as 60 to 70 A. Weissman (132) assumed 
a coupling between dibenzoylmethane molecules when three are bonded to 
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a central metal ion, in this way accounting for an observed low degree of 
polarization of fluorescence. Bowen, Mikiewicz & Smith (189) [see also 
Ganguly (190)] deduced the transfer of energy in anthracene-naphthacene 
mixed crystals on the basis of the appearance of the green naphthacene 
fluorescence when excitation is in the region of an anthracene band, while 
Kaskan & Duncan (191), in interpreting experiments on the lifetime of 
fluorescence of solid acetone, make use of the notion of exciton migration. 

A complementary aspect of the same phenomenon is the mutual pertur- 
bation of the energy levels of groups containing double bonds which are not 
formally in conjugation. This mutual perturbation would of course result in a 
rapid transfer of energy if it were possible to put the dynamical system into 
a nonstationary state such that only a single component were excited. 
Thus, Braude (192) studied the absorption spectrum of dibenzy] and stilbene 
derivatives and found evidence of interaction across one and two methylene 
linkages. Kumler, Strait & Alpen (193, 194) discussed the anomalously 
intense absorption of a-phenyl carbonyl compounds in the region correspond- 
ing to the expected normal carbonyl band, while Ramart-Lucas & Guilmart 
(195) investigated the perturbation of the benzene 2600 A band by sub- 
stituents insulated from the ring by various numbers of —CH.— groups. 

Vacuum ultraviolet spectroscopy.—Several excellent reviews of the subject 
have been given by Walsh (23, 196). It should be noted that these emphasize 
ionization potentials as being among the most important data to be obtained 
from a study of vacuum ultraviolet spectra. A review paper which is less 
recent but nonetheless useful was prepared by Platt & Klevens (197). 

The quantitative measurement of extinction coefficients has been studied 
by Platt, Klevens & Price (198) with ethylene, by Wilkinson & Johnston 
(199) with ethylene, methane, carbon dioxide and water, and by Harrison, 
Gaddis & Coffin (200) with divinyl ether. For improving the short wave- 
length solvent transmission limit, Klevens & Platt (201) have suggested the 
use of fluorocarbon solvents and Vodar & Robin (202, 203) the use of gas 
solvents. Liu & Duncan (204) examined ethylene oxide in the vacuum ultra- 
violet and believe that so far as the spectrum can indicate, the compound 
has unsaturated characteristics, as suggested by Walsh (205, 206). Ham- 
mond, Price, Teagan & Walsh (86) asserted that the 2000 A band of benzene 
may very plausibly be considered to be the first member of a Rydberg 
series (a change in principal quantum number of one of the 2pz electrons is 
involved). This identification, when coupled with an argument based on a 
consideration of perturbation effects (122), has inclined Walsh (207) to the 
belief that bands which appear in the quartz ultraviolet and have hitherto 
been regarded as of N—V origin may, in fact, be the first members of 
Rydberg series. 
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MICROWAVE SPECTROSCOPY OF GASES 


By E. Bricut WILSON, JR. 
Department of Chemistry, Harvard University, Cambridge, Massachusetts 


This article emphasizes material which has appeared since the review by 
Gordy (91) which was published in October, 1948, but the bibliography 
should be nearly complete. Readers unfamiliar with the field should be able 
to acquire a rough picture of the subject from the present summary, but 
will find much greater detail in Gordy’s paper. Another quite extensive re- 
view has been prepared by Coles (50). [See also Bleaney (24, 27), Whiffen 
(235), and LeBot, Freyman & Freyman (129).] The latter contains a useful, 
illustrated section on techniques and a large collection of abstracts of the 
microwave literature. Kisliuk & Townes (118) have published a valuable 
table of observed microwave frequencies which they promise to keep up 
to date with supplements. The present review will not cover nuclear magnetic 
induction or paramagnetic resonance absorption of solids, both very inter- 
esting and useful fields for chemists. 

For the present purposes the microwave region of the spectrum will be 
deemed to include electromagnetic radiations from perhaps a millimeter to 
several centimeters in wavelength. Radiation in this region can be absorbed 
by many molecules in the gas phase (for the most part they must be polar 
molecules). In order to have sharp lines, it is necessary that the gas pressure 
be low, usually between .001 and .1 of a millimeter of mercury. The absorp- 
tion coefficients under these conditions are usually very small, ranging from 
10~4 per centimeter in a few exceptionally strong absorbers down to the limit 
of detection, which for most spectrographs is 10~* or 10~® per centimeter. 
Many much weaker cases undoubtedly await more sensitive equipment. 


EXPERIMENTAL DEVELOPMENTS 


Most microwave spectrographs employ klystron oscillators as the source 
of radiation. These radio tubes generate practically monochromatic radiation 
whose frequency can be varied over a very small range electronically and 
over a wider range by mechanical adjustments on the tube. They are essen- 
tially receiving-type tubes in that they generate only low powers, of the order 
of milliwatts. This is all that can be profitably used in most spectroscopic 
experiments. Standard tubes are available which can operate from about 5 
mm. to many centimeters in wavelength. Each tube covers a range of a few 
thousand megacycles, 30,000 mc. being the frequency which corresponds 
to one wave number or one centimeter wave length. The microwave radiation 
is then passed through the absorbing gas which is ordinarily contained in a 
section of wave guide, or hollow metallic conductor, but in some systems it is 
held in a cavity, which is a hollow metallic container usually of cylindrical 
shape. After passing through the gas, the radiation is detected with a crystal 
detector whose output is amplified electronically. It is possible to sweep the 
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frequency of the klystron electronically and display the output on a 
cathode ray oscilloscope so as to see on the screen a small portion of the 
microwave spectrum. 

In order to get sufficient sensitivity, most laboratories are using the meth- 
od of detection based on the Stark effect [Hughes & Wilson (105)]. The gas 
to be studied is contained in a section of wave guide perhaps 10 ft. long, 
closed off with mica windows. This wave guide contains an additional elec- 
trode, usually in the form of a flat strip insulated from the wall. A high volt- 
age, perhaps 1,000 volts, is applied between the strip and the wall and is 
turned on and off at a radio frequency, often about 100,000 times per second. 
This produces a Stark effect in the gas and consequently modulates the 
absorption of the microwaves. The radiation is detected as usual by a crystal 
detector connected to a radio receiver tuned to the frequency of the Stark 
modulation voltage. Papers have appeared by McAfee et al. (143) and by 
Sharbaugh (168) giving detailed descriptions of Stark-effect spectrographs. 
The use of pen and ink recorders in connection with a very narrow band 
width in the amplifier has increased the sensitivity under favorable condi- 
tions to about 10~° per centimeter (43, 134, 143). Various alternative forms 
for the Stark effect absorption cell have been developed [by Fristrom et al. 
(73)] which have specialized advantages under certain conditions. 

Strandberg (201) has very briefly described a variant type of spectro- 
graph which involves modulation of the microwave energy at a high radio 
frequency, in addition to Stark-effect modulation at a low frequency, thereby 
claiming a higher sensitivity. Geschwind et al. (75) has mentioned a new 
balanced-bridge, superheterodyne spectrometer designed for high-resolution 
work and high accuracy. Line breadths as narrow as 60 kc. are claimed. As 
is well known, the line breadth is ordinarily determined by pressure broad- 
ening, but at sufficiently low pressures Doppler broadening takes over. 
Newell & Dicke (149) recently proposed a very clever scheme for reducing 
the line breadth almost indefinitely by introducing a spatially periodic 
Stark field which selects the absorption from molecules having a narrow 
range of translational velocity. A new and very interesting experimental 
technique has been discussed by Autler & Townes (5). There is applied to the 
gas a weak electric field oscillating with a frequency which can be varied 
through resonance with transitions involving either the initial or the final 
energy level of the microwave line being observed. When resonance occurs, 
the observed line splits into two components so that it is possible to deter- 
mine the frequency difference of the fine structure of upper or lower states. 
This should prove a new and useful tool in the analysis of spectra. 

A spectrograph has been mentioned using Zeeman-effect modulation 
instead of Stark-effect modulation [Burkhalter et al. (36)]. This was applied 
to the paramagnetic molecule, oxygen. Apparatus for studying the Zeeman 
effect in the microwave region has been described by Jen (107) and also 
briefly by Gordy (92). Jen’s apparatus used a resonant cavity with 100 
kc. modulation of the microwave signal. The cavity is placed between the 
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poles of a powerful electromagnet. Gordy, following Coles & Good (44), uses 
a coiled wave guide between the magnet pole pieces. For paramagnetic 
molecules such as nitrogen dioxide, McAfee (144) employed a solenoid en- 
closing the wave guide. An entirely different type of absorption, magnetic 
resonance absorption, has been observed with a specially designed apparatus 
by Beringer & Castle (18) in the 3 cm. region. These authors, using a cavity 
absorption cell, a fixed stabilized frequency, and a bolometer for detection 
purposes achieve very great sensitivity. They are able to employ these 
methods because of the special nature of the absorptions being studied, 
which are transitions between the Zeeman levels of a paramagnetic mole- 
cule in a magnetic field. The techniques for reaching higher frequencies in 
the millimeter region have been further developed by the Duke group (79, 
181), who use harmonics from a crystal driven by a klystron of lower fre- 
quency, thereby reaching a wavelength of 2 mm. An entirely different ap- 
proach has been described by Loubser & Townes (132) who employ har- 
monics naturally present in the output of magnetron oscillators not ordi- 
narily used in spectrographic work. Several investigators, including Roberts 
(161), Livingston et al. (131), Cohen et al. (43, 121), and Townes et al. (212), 
have applied microwave spectroscopy to molecules containing radioactive 
atoms. This requires a careful experimental technique so as to minimize 
the quantities required and protect the operators from radiation. Weingarten 
(231) and also Bleaney & Loubser (30) have described apparatus suitable 
for working with gases at high pressures, a region of interest for the study of 
line shapes. 

Frequency can be measured very accurately by beating the microwave 
signal harmonics derived from a crystal-controlled frequency standard. [See 
(38, 74, 143, 148, 199, 218). Other references dealing primarily with apparatus 
are (41, 67, 68, 89, 96, 97, 101, 102, 123, 158, 191, 211, 227, 228)]. 


DETERMINATION OF MOLECULAR STRUCTURE 


Microwave spectroscopy has proven to be one of the most powerful 
tools in the determination of detailed and accurate molecular structures for 
polar molecules in the gas phase. The method is basically the same as that 
used in the infrared. The absorptions usually observed are due to changes in 
rotational energy. (An outstanding exception is the inversion frequency for 
ammonia.) From the observed frequencies and the quantum-mechanical 
formulas for the particular molecular model used, moments of inertia are 
calculated. By observing several isotopic species (which are often present 
naturally in sufficient abundance), several sets of moments of inertia are 
obtained for species which are assumed to have the same equilibrium inter- 
atomic distances. Solution of the algebraic equations for the moments of 
inertia yields the interatomic distances. Since frequencies can be measured 
to an accuracy of 0.1 mc. rather easily and considerably better with sufficient 
precautions, it might appear that interatomic distances could be determined 
to phenomenal accuracy. This is not true, however, for several reasons. In 
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the first place, the fundamental constants are not known sufficiently ac- 
curately. A more serious difficulty is the zero-point vibration of the mole- 
cule. What is actually determined from the microwave data is a set of effec- 
tive moments of inertia in the lowest vibrational state. These differ from the 
equilibrium moments of inertia and, therefore, do not yield precise equilib- 
rium interatomic distances. Even so, the evidence is that in most cases 
distances can be relied upon to a few thousandths of an angstrom unit. 
There are unfavorable cases where small differences in frequency must be 
used in determining all the moments of inertia. Also, it is disadvantageous 
if the isotopic substitution occurs near the center of gravity of the molecule. 
In these circumstances, the accuracy may be considerably less than in more 
favorable examples. Theoretically, it would be possible to correct for the 
effect of the vibration by determining the moments of inertia for each of the 
first-excited vibrational states and then extrapolating to zero vibration. A 
number of such excited states are observed as weak satellites, but the popu- 
lation in the states of higher vibrational frequency is ordinarily so low that 
the present spectrographs do not pick up the corresponding lines. In spite 
of these difficulties, the accuracy available is probably 10 times greater than 
that achieved by the electron diffraction method, and furthermore, the analy- 
sis of the data, if properly carried out, is much more certain than with elec- 
tron diffraction. It should be emphasized, however, that there are many 
molecules which cannot be treated at present by the microwave method 
because they are not polar or because their spectra are either too weak or too 
complicated to analyze. 

Interpretation is much easier with linear molecules, especially if the 
nuclei involved do not have quadrupole moments. Symmetric tops are the 
next simplest type and usually are not difficult to unravel. Asymmetric 
rotors can be very troublesome to analyze if they are seriously asymmetric, 
but there are many molecules which approximate sufficiently closely to one 
or the other symmetric rotor limits so that the interpretation of their spectra 
can be carried out relatively easily. It is particularly helpful if the dipole 
moment is along the unique axis of inertia. If the dipole moment is perpendic- 
ular to this axis, the problem of analysis is greatly complicated. 

Several tools have been developed for assisting in the assignment of 
quantum numbers to the observed frequencies. In the first place, if rough 
structural data are already available they may be used in the linear and sym- 
metric-top cases to determine the probable transition under observation. 
For molecules with the dipole moment perpendicular to the (approximately) 
unique axis this is often of little assistance because of the very great sensitiv- 
ity of these transitions to the precise structural parameters. The Stark 
effect can be enormously helpful here if one of the frequencies seen is of low 
enough quantum number to be resolved. Such resolution can provide suffi- 
cient information to permit a complete assignment. H,O (81), HDO (198), 
sulfur dioxide (59), and ethylene oxide (54, 55, 176) are illustrations of the 
application of this technique. The hyperfine structure produced by the inter- 
action of the nuclear quadrupole moment with the molecular field of the 
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molecule has sometimes been used to assist in assigning quantum numbers, 
for example by Bragg (32) in CH,CFCI. Intensities could also be employed, 
but accurate measurement of absolute intensities has not yet been made 
very easy. 

The isotope effect can be useful, especially where there are several iso- 
topic species occurring naturally in sufficient abundance. This is the case with 
chlorine, bromine, boron, and many other atoms. If the isotopic substitution 
occurs very close to the center of gravity, the shift may be awkwardly small, 
but this is seldom the case. More often the difficulty is the other way, that is, 
the shift is so large that it is hard to tell where the line has gone. For example, 
in sulfur dioxide there must be many isotopic lines among those observed, but 
they have not yet been identified with certainty, even though the main 
transitions have been assigned. In slightly asymmetric molecules, the split- 
ting of the lines produced by the slight asymmetry often yields a pattern 
which permits the assignment of quantum numbers. However, this is again 
more useful in a case where the dipole moment is along the unique axis of 
inertia. When one or more nuclei in a molecule have electric quadrupole 
moments, as is the case with chlorine, bromine, and many other nuclei, the 
spectrum may be considerably complicated, especially if several such atoms 
are present. In the spectrum of phosphorus trichloride [Kisliuk & Townes 
(119)], for example, the observed lines are probably due to the superposition 
of hundreds of hyperfine structure components. Although the theory for such 
cases is available [Bersohn (19)], its application to a particular case is very 
laborious. Fortunately, it is possible to obtain useful information without 
unraveling the fine structure completely. The rough position of the line 
groups is still sufficiently precise for a fairly good structural determination. 

There has been considerable difficulty in reaching agreement on the pre- 
cise interatomic distances in the methy] halide molecules (62, 90, 141, 145, 
182, 184). Apparently the zero-point vibrational motion of the hydrogens 
causes serious uncertainties for these species. Recently the molecule CHD,Cl 
has been studied (145) with results which are believed to be better than 
previous ones. The point here is that the splitting of the symmetric-rotor 
levels brought about by the asymmetry of this molecule is a sensitive meas- 
ure of the position of the hydrogen atoms. The same technique was used in 
the study of phosphorus trichloride and arsenic trichloride (119) where the 
asymmetric isotopic species were employed for the final evaluation of struc- 
ture. 

Another source of information connected with structure is the effect of 
centrifugal distortion on the rotational energy levels. This is ordinarily quite 
small for the low-lying levels, but because of the high precision of measure- 
ment, it can be observed for moderate values of rotational energy [Simmons & 
Anderson (185)]. For the higher J values which occur when perpendicular- 
type transitions of slightly asymmetric rotors are studied, relatively huge dis- 
placements due to centrifugal distortion are observed, for example in sulfur 
dioxide (59) and formaldehyde (33, 128). These displacements provide a 
possible new source of information about molecular potential-energy func- 
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tions, a source which has as yet been scarcely tapped. In principle, at least, 
it should provide not only the main force constants but also some of the 
interaction force constants which are so difficult to obtain from vibrational 
spectra. The calculations are at present so formidable as to discourage work 
along these lines, but simplification certainly should be possible. 

Various detailed effects due to small perturbations have been treated, 
such as the coupling of the nuclear spin magnetic moment of nitrogen in 
ammonia with the rotation (98), I-type doubling (151, 152), anomalies in 
ammonia inversion (150), etc. 

Table I lists molecules which have been studied in the microwave region. 
In many of these cases, some interatomic distances have been derived, but 
not in all of them have sufficient isotopic species been studied to give com- 
plete, unambiguous determinations of all the structural parameters. Table 
II lists the results of more recent structural determinations and supplements 
the table given last year by Crawford & Mann (53). 


VALENCE INFORMATION 


Most atomic nuclei with spins greater than one-half show effects arising 
from electric quadrupole moments. These can interact with the gradient of 
the electric field due to the electrons and other nuclei in the same molecule 
and thereby produce a very small energy of interaction which changes as the 
orientation of the spin is altered. The small quadrupole interaction produces 
a hyperfine structure which is clearly resolvable in the microwave region for 
a large number of molecules. This is a very useful phenomenon for many 
purposes. One application has been made by Townes & Dailey (214) to the 
determination of the character of the valence bonds attached to the atom in 
question. The principle is simple. The nuclear quadrupole moment does not 
show any orientation effect when the electric charge distribution about the 
nucleus is spherically symmetrical. Therefore, the electrons occupying un- 
distorted closed shells about the nucleus will not contribute to the hyperfine 
structure. Furthermore, the electrons and nuclei from other atoms nearly 
balance one another and are also sufficiently far away so as to produce little 
effect. Electrons in the valence shell which have an s character will not con- 
tribute because of the spherical symmetry of the eigenfunctions. Electrons in 
the d or higher orbitals have very little penetration and, therefore, do not 
influence the nucleus strongly. This leaves p electrons in the incomplete 
valence shell as the most likely contributors to the gradient of the electric 
field. Consequently, it has been argued that the size of the hyperfine structure 
can be used as a measure of the amount of p character in the attached valence 
bond. Of course, if the whole p shell is filled, there again spherical symmetry is 
theoretically attained and the effect vanishes. Striking confirmation of this 
idea is given by a comparison of the hyperfine structure of sodium chloride 
and of molecules in which the chlorine is covalently bonded. In the latter, 
large hyperfine splittings are regularly observed whereas in the former (from 
molecular beam experiments) the splitting is extremely small if observed at 
all. Since sodium chloride is presumably highly ionic, one expects a complete 
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Formula Compound Reference 
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Molecules with No Carbon Atoms 





He hydrogen 124 

He helium 125 

Cs cesium 160 

Oz oxygen 16, 17, 36, 203 

IC] iodine chloride 208, 229, 230 

FCI fluorine chloride 76 

BrCl bromine chloride 190 

BrF bromine monofluoride 189 

NO nitric oxide 18 

N20 nitrous oxide 45, 47, 108, 179, 186 

NO, nitrogen dioxide 39, 144 

NOCI nitrosyl chloride 155, 156 

NH; ammonia 20, 22, 23, 25, 26, 28 to 30, 37, 40, 44, 
56, 84 to 86, 99, 102 to 104, 107, 108, 
133, 137, 146, 157, 167, 180, 188, 195, 
197, 205, 225, 226, 231, 237 

H.S hydrogen sulfide 99, 225 

HN; hydrazoic acid 1 

NF; nitrogen trifluoride 175 

H.O water 14, 81, 102, 109, 198, 202, 204 

AsF; arsenic trifluoride 60, 179 

AsCl; arsenic trichloride 119 

PF; phosphorous trifluoride 78, 179 

PCI; phosphorous trichloride 119 

PBr; phosphorous tribromide 239 

POF; phosphorous oxyfluoride 163 

SO, sulfur dioxide 59, 99, 102, 107, 109, 225 

B.H;Br bromodiborane 52 

SiH;F fluorosilane 170 

SiH;Cl chlorosilane 62, 164, 213 

SiH;Br bromosilane 166, 171 

SiF;H trifluorosilane 173 

SiF;Cl trifluorochlorosilane 173 

SiF;Br trifluorobromosilane 173 

GeH;Cl chlorogermane 62, 213 

GeH;Br bromogermane 171 

Molecules with One Carbon Atom 

co carbon monoxide 79 

OcsS carbonyl] sulfide 43, 64, 65, 70, 99, 102, 109, 121, 134, 
136, 161, 177, 178, 199, 207, 209, 210, 
225 

OCSe carbonyl selenide 75, 136, 200 
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Formula Compound Reference 
SCSe thiocarbony] selenide 9 
HCN hydrogen cyanide 177, 181, 183 
CICN cyanogen chloride 179, 187, 210, 212 
BrCN cyanogen bromide 185, 187, 210 
ICN cyanogen iodide 77, 185, 186, 187, 210 
CH;F methyl fluoride 78, 79, 99, 225 
CH;Cl methyl chloride 30, 62, 90, 99, 108, 115, 141, 145, 179, 
182, 185, 225 
CH,Br methyl bromide 30, 90, 99, 165, 179, 184, 225 
CH;I methyl iodide 77, 87, 88, 90, 92, 131, 146, 179, 182, 185 
CH;0H methyl alcohol 7, 46, 49, 57, 58, 100, 102, 109 
CH;NH, methylamine 99, 100, 102, 225 
CH.Bre methylene bromide 154 
CHCl chloroform 193, 217 
CHBr; bromoform 239 
CHF; fluoroform 78 
CF;Cl trifluoromethyl chloride 48 
CF;Br trifluoromethyl bromide 169, 172 
CF;I trifluoromethyl iodide 172 
CHCIF; difluorochloromethane 99, 146, 225 
CHFCI, dichlorofluoromethane 99, 225 
CF,Cl, dichlorodifluoromethane 99, 225 
CH,0 formaldehyde 33, 128 
HNCO isocyanic acid 110 
HNCS isothiocyanic acid 13 
CH;NO, nitromethane 7, 58 
CH;HgCl methyl mercuric chloride 94 
CH;HgBr methyl mercuric bromide 94 
CH;Hgl methyl mercuric iodide 94 
CH,SiH; methy] silane 130 
CH;SiF; methyl trifluorosilane 147, 173 
BH,;CO borine carbonyl 93, 201, 232 
Compounds with Two or More Carbon Atoms 
CH;CN methyl cyanide Si, 187, 215 
CH;NC methyl isocyanide 117, 215 
CH;SCN methyl thiocyanate 12 
CH;NCS methyl isothiocyanate 12 
CF;CN trifluoroacetonitrile 172 
HCCCI chloroacetylene 233 
CF:CH, 1,1-difluoroethene 162 
CH,CO ketene 8 
CH:CHCI vinyl chloride 82 
CH.CHBr vinyl bromide 52 
CH.CFCI fluorochloroethene 32 
CH;CFs3 methyl fluoroform 69, 179 
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Formula Compound Reference 
C,H,O ethylene oxide 54, 55, 99, 176, 225 
C.H;OH ethyl alcohol 7 
(CH;),0 dimethyl ether 99, 225 
(CH;)2NH dimethylamine 99, 225 
C:HsNH2 ethylamine 99, 225 
HCCCN cyanoacetylene 234 
CH;CCH methyl acetylene 216 
CH;CCBr methyl bromo-acetylene 174 
(CH3)2CO acetone 7 
(CH3;)3CCl tertiary butyl chloride 238 
(CH;)3;CBr tertiary butyl bromide 238 
(CHs)3CI tertiary butyl iodide 238 
C.;H;Br bromobenzene 7 
CH;CHO acetaldehyde 6, 146 
C.H;Cl ethyl chloride 146 





shell of electrons and therefore little hyperfine splitting. This result shows 
how the amount of ionic character can be estimated from the hyperfine 
splitting. There are more subtle effects, however, which are presumably 
associated with other modifications of the bond structure. For example, 
in cyanogen chloride (187, 210) and chloroacetylene (233) the chlorine-car- 
bon bond is next to a triple bond and some conjugation would be expected. 
This conjugation should have an effect on the hyperfine structure, according 
to the Townes and Dailey theory, and indeed, such an effect is observed. 
Interesting cases are vinyl chloride [Goldstein & Bragg (82)] and CH,CFCI 
[Bragg et al. (32)] in which the carbon-chlorine bond is adjacent to a carbon- 
carbon double bond. Since these are asymmetric rotor molecules, the carbon- 
chlorine bond is not an axis of symmetry for the molecule. As a result, it is 
possible to get information not only about the ZZ component of the molecu- 
lar potential gradient, but also about the XX and YY components, where X 
and Y are perpendicular to the carbon-chlorine bond. These indicate that 
the molecular potential field is not cylindrically symmetrical about the 
carbon-chlorine bond, a result which confirms the idea that conjugation 
exists giving the carbon-chlorine bond a partially double-bond character. 
It has even been possible to make an estimate of the quantitative amount 
of double-bond character for these molecules, which turns out to be 4 and 
5 per cent, respectively, in the two cases [Goldstein & Bragg (83)]. 

The formulas applicable to the interaction of nuclear quadrupole mo- 
ments and the rotation of the molecule have been worked out theoretically 
for a number of molecular models including linear molecules with one or two 
quadrupolar nuclei [Kellogg et al. (116)], symmetrical tops with one quadru- 
polar nucleus [Dailey et al. (56), Van Vleck (223), Coles & Good (44), Bar- 
deen & Townes (10, 11)], symmetrical tops with two quadrupolar nuclei 
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TABLE II 


1950 StrRucTURAL DaTA (ANGSTROM UNITS OR DEGREES) 
(Assumed Parameters Are Given in Parentheses) 














Formulas Parameters References 
BrF Br-F 1.759 189 
NF; N-F 1.371, ZFNF 102°9’ 175 
HN; H-N; 1.021+0.01, Ni-N2 1.240+0.003, No-N; 1.134+0.003 

ZHN,Nz 112°39’ +30’ 1 
AsCl, As-Cl 2.161 +0.004; Z Cl-As-Cl 98°25’ +30’ 119 
PC), P-Cl 2.043 +0.003; ZCI-P-Cl 100°6’ + 20’ 119 
SiH;F Si-F 1.593+0.002, Si-H 1.503+0.036 (ZHSiH 111°+1°) 170 
SiF;H Si-F 1.555+0.005 (Si-H 1.55+0.05, ZF-Si-F 110°+1°) 173 
GeH;Br Ge-Br 2.297 +0.001, Ge-H 1.55+0.05, ZH-Ge-H 112°+1° 171 
HCN C-H 1.061, C-N 1.157 183 
CH;CIl* C-Cl 1.781, C-H 1.098, ZH-C-H 110°23’ 145 
CH,Br C-Br 1.939, C-H 1.101, ZH-C-H 110°48’ 184 
CHCl, C-Cl 1.761 +0.004 (C-H 1.090), ZCI-C-Cl 112°0’ +40’ 217 
CF;Br C-F 1.33, C-Br 1.93 (all 2 110°28’) 172 
CFsI (C-F 1.33) C-I 2.16 (all Z110°28’) 172 
HNCO C-O 1.17+.01, N-C 1.21+.01, N-H 0.99+.01, ZH-N-C 

128°5’ +30’ 110 
HNCS C-S 1.557, N-C 1.218, ZH-N-C 136° 13 
CH;SiF; (Si-F 1.555) (C-H 1.10) Si-C 1.88 (tetrahedral angles) 173 
BH;CO B-C 1.540, C-O 1.131, B-H 1.194, ZH-B-H 113°52’ 93 
CH;CN C-C 1.460, C-N 1.158, C-H 1.092, ZHCH 109°8’ 117 
CH;NC C,-H 1.094, C)-N 1.427, N-C2 1.167, ZHCH 109°46’ 117 
CF;CN C-C 1.49 (C-F 1.326, C-N 1.16, tetrahedral angles) 172 
HCCCN~ H-C, 1.057 +.001, C,-C2 1.203, C2-C; 1.382, C3-N 1.157 234 





* Other values have been published (see 62, 90, 141, 182). 


(10, 11), and asymmetric rotors with one or two quadrupolar nuclei [Bragg 
(35), Bragg & Golden (34), Knight & Feld (120)]. The symmetric top case 
with three symmetrically located nuclei has also been handled by Bersohn 
(19). The conventions regarding quadrupole coupling coefficients have been 
clarified by Feld (72). 


DIPOLE MOMENTS 


Dipole moments for many molecules can be obtained from microwave 
spectroscopy. When an electric field is applied to the gas in a wave guide, 
the rotational energy levels are split into components. This is the Stark 
effect. The rotational transitions are also split and in favorable cases the 
resolution available is sufficient to separate them experimentally. Since the 
theory of the Stark effect is available for many types of molecular model, it is, 
therefore, often possible by measurement of the Stark pattern, determination 
of the electric field in the wave guide, and the use of these data in the 
quantum-mechanical formulas to calculate the dipole moment with some 
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precision. Table III gives a list of molecules and the dipole moments found 
for them by this method. It supplements the table given by Crawford & 
Mann (53) last year. Most of these values were obtained somewhat inciden- 
tally in connection with molecular structure investigations and do not neces- 
sarily represent the highest accuracy obtainable by this method. Probably 
the principal difficulty is the accurate determination of the electric field in 


TABLE III 


Di1poLE MOMENTS FROM MICROWAVE Spectroscopy (1950) 
(Debye Units) 














Molecule Dipole Moment Reference 
BrF 1.29 189 
N,O 0.166 +0.002 179 
HN; (0.847 +0.005)* 1 
AsF; 2.815+0.025 179 
PF; 1.025 +0.005 179 
POF; 1.735 163 
SiH3F 1.268 +0.013 170 
SiH;Br 1.31 +0.03 171 
OCS 0.700 +0.004 178 
HCN 2.957 +0.025 177 
CICN 2.802 +0.014 179 
CH;Cl 1.869+0.010 179 
CH;Br 1.797 +0.015 179 
CH;I 1.647+0.014 179 
BH;CO 1.795 201 
CH;CF; 2.321+0.034 179 
CH;,SiH; 0.73 130 
HCCCN 36 +£0.2 234 





* Component along figure axis. 


the wave guide. However, in some cases the positions of the interacting ener- 
gy levels which occur in the second-order perturbation formula are not known 
as precisely as would be desirable and this causes additional uncertainty. 
Also, the molecular wave-functions may not be known sufficiently accurate- 
ly. This may be the case in asymmetric-rotor molecules if the structure 
has not been fully determined. In some molecules no transitions have yet 
been observed of sufficiently low J values. With rotational quantum num- 
bers J greater than perhaps 10, the Stark pattern may be so complex as not 
to be resolvable with existing apparatus. The microwave method of deter- 
mining dipole moments has the great advantage that it measures the moment 
associated with a particular pair of rotational states for one particular vibra- 
tional energy level and for one particular molecular species. It is, therefore, 
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possible in many cases to study the effect of isotopic substitution on the di- 
pole moment by utilizing species present in natural abundance. Further- 
more, modest amounts of impurity make no difference. It is even possible 
to study the effect of vibrational excitation on the dipole moment provided 
that there are enough molecules in the vibrational state to give an observable 
line. Very careful studies of this kind have been carried out on carbony] 
selenide [ Strandberg et al. (200)] and carbony] sulfide [Schulman & Townes 
(178)]. Isotopic substitution in these molecules has essentially negligible 
effects on the moment. Vibrational excitation on the other hand produces an 
observable effect. Another great advantage of this method is that it can be 
applied to materials with relatively low vapor pressure without the compli- 
cations and uncertainties inherent in the method of measuring the dielectric 
constant of solutions. Precisions of about 1 per cent are claimed and would 
appear to be reasonable. Results in general agree with previous values, but 
there are discrepancies somewhat outside the experimental error for a few 
cases. 

The original quantum mechanical treatment of the Stark effect for the 
symmetrical top was by Kronig (122), Manneback (138), and Debye & 
Manneback (66) [see also Van Vleck (219)]. Penney (153) and Golden & 
Wilson (80) have treated the case of the asymmetric rotor. The problem 
becomes more complicated when one or more nuclei possess electric quadru- 
pole moments so that a hyperfine structure is observed in addition to the 
Stark effect. Fano (71) and also Karplus & Sharbaugh (115) have treated 
the case for linear molecules, which also covers the K =0 levels of symmetric 
rotor molecules. Low & Townes (135) have given a thorough treatment of 
the symmetric top case [See also Jauch (106), and Coester (42)]. 


DETERMINATION OF NUCLEAR PROPERTIES 


Microwave spectroscopy has been very effective for the determination of 
nuclear spins, nuclear magnetic moments, and relative nuclear electric 
quadrupole moments. It has also been employed for the determination of 
precise nuclear masses. The determination of spin is usually based on the 
analysis of the quadrupole hyperfine structure. Molecules with nuclear 
spins greater than one half generally show sizeable nuclear electrical quadru- 
pole moments which can interact with the gradient of the electrical field 
produced by the electrons and other nuclei of the molecule. This very weak 
interaction will differ for different orientations of the nucleus in a way which 
is predictable from quantum mechanical considerations, at least for simple 
molecular models. By comparing the observed hyperfine structure pattern 
with those predicted for various values of nuclear spin angular momentum, 
a decision as to the value of the spin can often be obtained. If no hyperfine 
splitting is observed at all, this may indicate a spin of zero or one half, or 
may mean that either the quadrupole moment is numerically small or that 
the field due to the molecule is quite small. The first nuclear spin determined 
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by this method was that of chlorine which had been wrongly assigned the 
value of five halves previous to the work of Townes et al. (210). In studying 
nuclear spin, it is naturally desirable to use a molecule most favorable for 
this purpose. This if possible should be a linear molecule with no other quadru- 
polar nuclei to complicate the spectrum. Furthermore, it should be a molecule 
in which the valence bond to the atom in question is a covalent bond with a 
suitable amount of p character. (See the section on VALENCE INFORMATION.) 
It is naturally not necessarily easy to find a suitable molecule for every 
element when the other considerations such as dipole moment, vapor pres- 
sure, chemical stability, etc., are brought into consideration. A number of 
nuclear species have had their spins determined or checked by this method 
to date. These include the nuclei: B’®, BY, C®, C¥, C4, N¥4, N¥®, O'6, Ol7, 08, 
F19, S32, S33, S34 $35 $36 C135, C36 C37, P31, Se74, Se76, Se77, Se78, Se8, Se®, 
As”, Br7*, Br®!, [27, [!29, Ge79, Ge, Ge73, Ge™, Ge7®. The use of the Stark 
effect for determining nuclear spins has been suggested by Smith (192). 

The Zeeman effect, discussed later, has served for the determination 
of nuclear magnetic moments in a few cases. Nuclear quadrupole moments 
are determined by measuring the hyperfine spacing and interpreting the 
pattern with quantum mechanical formulas. What is actually evaluated is 
the product of the nuclear electric quadrupole moment and the gradient of 
the electric field at the nucleus in question. Townes (206) and Townes & 
Dailey (214) have discussed the question of the relation of the molecular 
field and the nature of the valence bond and these considerations permit a 
rough estimate of the gradient of the electric field to be expected. This rough 
estimate may then be used in connection with the measured hyperfine 
splitting to give a similar rough estimate of the actual nuclear quadrupole 
moment. 

Microwave spectroscopy can be used to demonstrate the existence of 
isotopic species, provided they are not too rare. For example, even the spin 
of S* with an abundance of one part in 7,300 has been determined, using a 
total amount of S* in the absorption cell of about 1.910 gm. [Low & 
Townes (134)]. There is every reason to believe that the sensitivity of the 
inethod will be considerably improved as time goes on. By measurement of 
relative intensities, relative abundances of species can be determined. While 
no very obvious theoretical limitation is apparent, in practice the measure- 
ment of intensities has as yet not reached a precision comparable to that 
available with mass spectroscopy. Nevertheless, many of the complicating 
factors operative in mass spectroscopy, such as the use of very low pressures, 
interference by multiply charged ions, and difficulties due to selective excita- 
tion of different species are not encountered with the microwave method. 

If it were not for the difficulty of the zero-point vibration mentioned 
earlier, nuclear masses, or more correctly ratios of nuclear masses, could be 
determined with very great precision. For diatomic molecules, it is possible 
to determine not only the rotational frequencies for the lowest vibrational 
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state but also for one or more excited vibrational states, and from the shifts 
an extrapolation can be made to the hypothetical frequency for the non- 
vibrating molecule. Comparison of this extrapolated frequency for two iso- 
topic species gives what should be an extremely precise ratio of the masses. 
This method has been applied to iodine chloride by Townes et al. (208) in 
order to determine the ratio of the chlorine isotopic masses. The results 
agree well with earlier mass spectrographic determinations but are in dis- 
agreement with the more recent value. The reason is not yet clear. Gilbert & 
Roberts (76), using fluorine chloride, get a mass ratio in agreement with 
that found for iodine chloride. With polyatomic molecules it is not possible 
at present to carry out such a simple calculation because the frequencies for 
the necessary number of.excited vibrational states have not been obtained, 
so that corrections for vibration cannot be made accurately. However, by 
knowing two isotopic masses for an atom with more than two isotopes, there 
is an approximate method of analyzing the data which yields the masses of 
the other isotopes in terms of the two known ones [Low & Townes (134), 
Koski et al. (121), Townes et al. (210)]. In determining isotopic masses, very 
precise frequency measurements are necessary. It has been pointed out by 
Good that time delays in electronic amplifiers used to display the signal and 
to amplify the frequency-marker signals may give rise to appreciable fre- 
quency errors unless suitable precautions are taken. Disagreements be- 
tween reliable observers in different laboratories have, in general, been 
considerably greater than the accuracies claimed by the individuals con- 
cerned. Although potentially very precise frequency measurements certainly 
can be made in the microwave region, it is probable that many laboratories 
have underestimated their errors. 
INTERNAL TORSION 

Microwave spectroscopy provides a new method of obtaining information 
about the forces interfering with free rotation about single bonds in mole- 
cules. There are actually two possible techniques. In the case of methyl 
alcohol, transitions are observed which are due to tunneling between the 
potential energy minima available to the OH group. Many lines are also 
observed which are combinations of pure rotational energy changes and 
tunneling changes. The transitions between different torsional states them- 
selves occur in the infrared and not in the microwave region, but each tor- 
sional level is split by the fact that three potential minima are present and 
it is the transitions between these split components which are referred to as 
tunneling transitions. A full report on the analysis of methyl aclohol has 
not yet appeared, although much work has gone into the problem. The barrier 
height so far reported from this information is 932 cal. (95). In most mole- 
cules this method is not applicable, but there is another which is perhaps more 
general. This makes use of the fact that molecules in excited torsional 
states will have slightly different effective moments of inertia than those in 
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the lowest state. Therefore, a given rotational transition will be accompanied 
by weaker satellites slightly displaced in frequency. These have been ob- 
served and so assigned in the case of CH3;CF; [Dailey et al. (61)], SiHsCHs 
[Lide & Coles (130)], SiF;CH3 [Minden et al. (147)], CHs;CHO [Baird (6)]. 
The relative intensity of the satellites to the main line is a measure of the 
relative population of the excited and lowest torsional levels, provided that 
no drastic change in dipole moment occurs. This last proviso can be elimi- 
nated by studying the relative temperature coefficients of the ratio of the 
satellites to the main line. From the relative population and the temper- 
ature, the Boltzmann distribution law gives the difference in energy. The 
barrier height itself can be obtained only by assuming some shape for the 
potential barrier. It is customary to assume a sinusoidal shape, although a 
recent discussion by Blade & Kimball (21) has indicated how uncertain this 
assumption is. By getting the positions of a number of excited torsional 
states, it is at leagt possible to check the shape and there is some hope that 
further information along these lines may be obtained. It is interesting that 
for SiH3;CHs, Lide & Coles (130) found the satellites, due to the excited tor- 
sional states, to be split in accordance with the theory which calls for each 
excited state in an ethane-type molecule to be split into two components. 
The alternation in relative intensity was in the correct direction as well. 
Further application of this method requires improvement in present tech- 
niques for measuring intensities in the microwave region. Some progress has 
been made in this problem [Baird (6)], but more remains to be done. 


CHEMICAL ANALYSIS 


The great success in infrared spectroscopy as a tool for chemical analysis 
immediately suggests that microwave spectroscopy might have similar 
applications. So far, little seems to have been done along these lines, but 
Dailey (63) has discussed the possibilities and the limitations of the method. 
The attractive features of microwave spectroscopy for this purpose are the 
high resolving power and the sharp line nature of the spectra, resembling 
optical spectroscopy much more than conventional infrared prism spec- 
troscopy. There would be very little difficulty with overlapping lines. 
Furthermore, the very great precision of frequency measurement would 
add greatly to the certainty of a qualitative analysis. Very small amounts 
of material are needed, probably less than 1 wg. for most cases. Furthermore, 
the sample could be recovered unchanged. The limitations are fairly severe. 
Only polar molecules (with a small number of exceptions) can be expected 
to show strong enough absorption. Furthermore, very light diatomic mole- 
cules will not absorb in this region, and very heavy molecules will probably 
be too weakly absorbing to be seen with existing equipment. Naturally, the 
material must have a sufficient vapor pressure. The detection of a spectrum 
from an unknown substance at the present time is not very helpful in identi- 
fying it unless the substance has been previously studied. There has accu- 
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mulated rapidly a list of measurements of frequencies, and fortunately, 
many of these have been put out in the table by Kisliuk & Townes (118). 
In principle, the day may come when a spectrum of an unknown substance 
may be analyzable to give information about the moments of inertia of the 
molecule, but it would be a very favorable case indeed which could be so 
treated today. 

Isotopic species give separate and easily resolved lines so that isotopic 
analysis can be carried out in this way. Preliminary results have been 
reported by Southern e al. (196) for N*. In addition, the microwave method 
will locate a substituted isotopic atom in a molecule in case there are two 
or more positions possible. This has been utilized in the case of nitrous oxide 
where the microwave data showed that this substance, when prepared 
from ammonium nitrate in which the N® enrichment was in the ammonium 
group, had the heavy atom at the end [Richardson & Wilson (159)]. 

Besides the newness of the technique and the somewhat elaborate nature 
of the electronic equipment involved, the analytical uses of microwave 
spectroscopy have been held back by the difficulty of making intensity 
measurements. There seems no intrinsic reason why these cannot be de- 
veloped in the future in adequate degree. 


ZEEMAN EFFECT 


It is to be expected that the application of a magnetic field to a gas 
should result in a splitting of the energy levels somewhat similar to that 
produced by an electric field. This is, of course, the well-known Zeeman 
effect. In most molecules it is not expected that there will be large magnetic 
moments because the electron spins are ordinarily paired and there is usually 
no resultant electronic orbital angular momentum. However, most nuclei 
have nuclear spins and, therefore, nuclear magnetic moments. Furthermore, 
it is reasonable to expect that when a molecule rotates, the motion of the 
electrons and nuclear charges should produce small magnetic moments. 
Zeeman effects were first detected experimentally in the microwave region 
by Coles & Good (44) who looked at the inversion spectrum of ammonia 
using a coil of wave guide between the pole pieces of a magnet. Jen (107, 
108) has carried these studies further and in addition has analyzed the 
data not only for ammonia but for several other molecules. He used the 
resonant cavity technique. In the case of N'°H3, the nuclear spins of the 
four atoms are not strongly coupled to the axes of the molecule because 
nuclear quadrupole effects are absent. Presumably the energy levels of 
the molecule are split on application of the magnetic field because of the 
interaction energy of these nuclear magnetic moments with the field, as is 
indeed found by the study of nuclear magnetic resonance spectra in the 
radiofrequency region. However, because of the lack of coupling between the 
nuclear spins and the axes of the molecule, the splitting is the same for all 
rotational states and the selection rules are such that the various com- 
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ponents of a given rotational transition all have the same frequency so that 
no Zeeman effect is observed from the nuclear spin. In this molecule, though, 
a Zeeman effect is observed which arises from the rotational magnetic 
moment of the molecule. From the observed splitting, the value of this 
moment is obtained and is found to be small (see Table IV) and essentially 
proportional to the total angular momentum of the molecule. In Table IV, 


TABLE IV 
ROTATIONAL MAGNETIC MOMENTS 
[From Jen (109)] 





Molecule Transition (Moment/ Myo) =g 
H,O 5.1 6_s 0.586+0.012 

HDO 505: 0.465 +0.009 

HDO 43-93, 0.413 +0.008 

NH; Inversion 0.477 +0.03 

N.O 0-1 0.086 +0.004 

SO, 74—8_ 0.084 +0.010 

OCS 1-2 0.029 +0.006 

CH;,OH J=0, K=2-1 0.078+1.88/[J(J+1)] 





the molecular g factors are tabulated; i.e. the moment divided by the 
nuclear Bohr magneton po and the magnetic quantum number M. It might 
be expected that the direction of the angular momentum vector relative to 
the molecular axes would be important, but this seems not to be the case. 
This latter fact is of some interest because it is not necessarily what one 
might anticipate. A naive view of these molecular magnetic moments would 
stem from a treatment in which the charges were rigidly located in the 
molecule and therefore all rotated with it. This is definitely inadequate, as 
has been shown by Wick (236) in the case of hydrogen gas. Jen (109) also 
shows that the rigid picture is not good enough for the polyatomic molecules 
he studied. It is necessary to take into account the distortion of the mo- 
tions of the electrons by the rotation of the molecule. In the most extreme 
case, one might assume that the electrons had their own motions inde- 
pendent of the motions of the nuclei, as if the electrons were moving 
around a positive charge which was the sum of the charges of the nuclei. 
This extreme case is not found but a tendency towards it seems to be the 
actual situation. In other words, when the nuclei rotate they do not com- 
pletely carry electrons around with them, but there is, so to speak, some 
“slip.”’ A detailed analysis of these molecular magnetic moments has not 
yet been made, although Jen (109) has given some of the basic equations. 
The problem is difficult because it involves a knowledge of the electronic 
wave functions, but it is at least possible that it would repay further study 
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and that the experimental results might in some way be related to the 
valence properties of the molecule. 

A rather special case of magnetic effect is provided by the odd molecule 
nitrogen dioxide. This has an unpaired electron and, therefore, a relatively 
huge magnetic moment due to the electron spin. Zeeman splitting can be 
detected with this molecule with only a few gauss such as is easily provided 
by winding a solenoid around a wave guide containing the gas. The spectrum 
of this molecule is complicated by numerous coupling effects including 
coupling between the magnetic moment of the electron spin, the magnetic 
moment of the nucleus, and the magnetic moment due to rotation. In 
addition, there is the electric quadrupole coupling of the nitrogen nucleus 
to the molecular axes. McAfee (144) has observed the spectrum. The 
analysis is not yet complete. 

Two other paramagnetic molecules, nitric oxide and oxygen, have been 
studied in the microwave region. In these cases, the lines observed did not 
arise from changes in rotational quantum number, but from transitions be- 
tween the Zeeman components of a single rotational level when the molecule 
was observed in a strong magnetic field [Beringer et a/. (17, 18)]. Nitrogen 
dioxide has also been studied by Castle and Beringer (39) using this same 
technique. 


LINE BREADTH AND SATURATION EFFECTS 


The tremendous resolving power possible in the microwave region has 
revitalized the study of spectral line breadths because it is possible in this 
region to trace out the actual line contours instead of having to make very 
difficult corrections for the resolving power of the spectrograph, as is the 
case in other spectral regions. In the pressure range ordinarily utilized, line 
breadth is usually due to pressure broadening, 7.e., the effect of the inter- 
ruption of the lifetime of a quantum state by collision [see Van Vleck & 
Weisskopf (220), Van Vleck & Margenau (224), and Karplus & Schwinger 
(111)]. The favorite molecule for study has been ammonia because of the 
strength of its microwave lines. Bleaney & Penrose (25) found that the line 
breadth was different from one inversion line to another, 7.e., it depended 
on the rotational state. They also found that the line breadth was much 
greater than one would calculate on the basis of hard rigid spheres of the 
kinetic-theory diameter. They decided that this was due to the dipole-dipole 
interaction acting at longer distances. They further studied (29) the effect 
of foreign gases, some of which were nonpolar, on the line breadth. Similar 
results have recently been obtained by Howard & Smith (104) who utilized 
hydrogen, argon, nitrogen, oxygen, carbon dioxide, carbony] sulfide, and 
several other molecules as broadening agents. In addition, they found that 
line breadth was inversely proportional to temperature at constant pressure, 
indicating that the line breadth is independent of the molecular velocity. 
Many observers have verified that over a fairly wide range of pressures the 
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line breadth is proportional to the pressure. Smith & Howard (194) have 
interpreted their results in terms of the theory of Anderson (3) in which 
they have used dipole-dipole interactions where both molecules are polar 
or dipole-quadrupole interactions when the broadening molecule has no 
dipole moment. In the latter case, no check on the theory is possible at 
present, but if it can be accepted, then values for quadrupole moments are 
obtained. Anderson (4) has given a theoretical treatment of the quadrupole- 
induced dipole effect. The line breadth problem has also been discussed by 
Margenau (139, 140), Anderson (2), Mizushima (142). The application of 
pressure-broadening theory to oxygen and to water vapor has been made 
by Van Vleck (221, 222). Experiments on atmospheric absorption are re- 
ported by Bender (15) and Lamont (126, 127). 

At very low pressures, say below .001 mm. of mercury, collisions be- 
tween the molecules usually become less important, being superseded in 
their effect either by collisions with the walls of the container or, if the 
container is large enough, by Doppler broadening. This has previously set 
a lower limit to attainable line breadths, but recently the suggestion of 
Newell & Dicke (149), mentioned in the first section, indicates a possible 
way of getting around this limitation. At quite high pressures, above 1 atm. 
studies on ammonia by Bleaney & Penrose (26), Bleaney & Loubser (30), 
Smith (188), and Weingarten (231) show deviations from ordinary pressure- 
broadening theory. These, however, have been attributed to van der 
Waals forces such as are postulated to cause deviations from the ideal gas law. 

Another effect connected with line breadth is the so-called saturation 
effect. When the power passing through the wave guide or cavity containing 
the gas is increased beyond a certain point, which depends on pressure, the 
absorption coefficient appears to fall off and the line to broaden. This has 
been explained by Bleaney & Penrose (28) and others as due to the inability 
of molecular collisions to redistribute the energy in an equilibrium fashion 
between the energy levels involved in the absorption process. In other 
words, molecules absorb energy, a certain fraction of them are excited to 
the upper state, and an excess in the upper state is built up above that 
required at thermal equilibrium. This effect naturally depends upon the 
absorption coefficient and upon the effectiveness of collisions in restoring 
thermal equilibrium. A careful study of the theory of this effect has been 
made by Karplus & Schwinger (111, 113, 114) who derived formulas for it 
and corrected slight inaccuracies in the interpretation presented by others 
(37, 157, 195). Incidentally, this saturation effect is determined not by the 
observed strength of an absorption line, but by the intrinsic transition 
probability, that is to say, the absorption coefficient per molecule. Thus, 
lines which are weak because the transition per molecule is improbable do 
not saturate readily, whereas lines which are weak merely because the 
population in the lower state is small may saturate quite easily if the in- 
herent transmission probability is high. Saturation limits the use of cavities 
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as absorption cells because of the high energy densities built up in a cavity 
and the resultant likelihood of saturation. Cavities have been used effec- 
tively where the intrinsic transition probability was low (18). One of the 
interesting conclusions which has been drawn from the study of saturation 
is that apparently every collision which is effective in interrupting the 
absorption of radiation, that is, in causing line broadening, is also effective 
in restoring thermal equilibrium, at least between energy levels as close 
together as those which are important in the microwave region [Karplus 
(113)]. This indicates that the transfer of rotational energy in molecular 
collisions is a very efficient process, much more so than many vibrational 
transfers. 

Closely related to the question of saturation is that of the effect of fre- 
quency modulation on line breadth and line shape. Frequency modulation 
is commonly employed in the Stark-effect type spectrograph where the 
Stark-effect voltage is turned on and off at a high frequency. Townes & 
Merritt (207), Blockinzew (31), and Karplus (112) have treated this prob- 
lem. Their result shows that if the frequency of modulation approaches the 
collision frequency, the lines will be broadened. At still higher frequencies, 
the line will split up into components and ultimately the molecular energy 
levels will not follow the field adiabatically but will remain at some average 
position as the field varies. 


THE BIBLIOGRAPHY 


In connection with the present review an attempt has been made to 
gather together a bibliography of the field of microwave spectroscopy for 
gases. In compiling this, references which were merely abstracts of papers 
given before the Physical Society were often omitted, since they usually 
do not contain very much concrete information. Furthermore, abstracts and 
letters to the Editor were often omitted if their contents were later published 
in full. Although this list undoubtedly contains nearly all of the papers which 
have appeared in this field, it probably is not quite complete. 


ACKNOWLEDGMENTS 


The writer is grateful to Drs. R. Fristrom, J. M. Mays, and D. J. Millen 
for assistance with some of the tables and to Mrs. Ida McGinnis for much 
help with the bibliography: 

LITERATURE CITED 
1. Amble, E., and Dailey, B. P., J. Chem. Phys., 18, 1422 (1950) 
2. Anderson, P. W., Phys. Rev., 75, 1450 (1949) 
3. Anderson, P. W., Phys. Rev., '76, 647 (1949) 
4. Anderson, P. W., Phys. Rev., 80, 511 (1950) 
5. Autler, S. H., and Townes, C. H., Phys. Rev., 78, 340 (1950) 
6. Baird, D. H., Intensity Studies in Microwave Spectra (Doctoral thesis, Harvard 
University, 80 pp., 1950) 








> et 
eo voos 


Nm Mw dh Nw Wt 
ne Ww hd 


mwwiwhd Wd dS Ww 
woe OOO OD < 


MICROWAVE SPECTROSCOPY 171 


. Bak, B., Knudsen, E. S., and Madsen, E., Phys. Rev., '75, 1622 (1949) 
. Bak, B., Knudsen, E. S., Madsen, E., and Rastrup-Andersen, J., Phys. Rev., 79, 


190 (1950) 


. Bak, B., Sloan, R., and Williams, D., Phys. Rev., 80, 101 (1950) 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
. Beringer, R., and Castle, J. G., Jr., Phys. Rev., '75, 1963 (1949) 

. Beringer, R., and Castle, J. G., Jr., Phys. Rev., 78, 581 (1950) 

. Bersohn, R., J. Chem. Phys., 18, 1124 (1950) 

. Birnbaum, G., Phys. Rev., 77, 144 (1950) 

. Blade, E., and Kimball, G. E., J. Chem. Phys., 18, 630 (1950) 

. Bleaney, B., and Penrose, R. P., Nature, 157, 339 (1946) 

. Bleaney, B., and Penrose, R. P., Phys. Rev., '70, 775 (1946) 

. Bleaney, B., Physica, 12, 595 (1946) 

. Bleaney, B., and Penrose, R. P., Proc. Roy. Soc. (London), 189, 358 (1947) 

. Bleaney, B., and Penrose, R. P., Proc. Phys. Soc. (London), 59, 418 (1947) 

. Bleaney, B., Repts. Progress Phys., 11, 178 (1946-47) 

. Bleaney, B., and Penrose, R. P., Proc. Phys. Soc. (London), 60, 83 (1948) 

. Bleaney, B., and Penrose, R. P., Proc. Phys. Soc. (London), 60, 540 (1948) 

. Bleaney, B., and Loubser, J. H. N., Proc. Phys. Soc. (London), 63, 483 (1950) 
. Blockinzew, D., Physik. Z. Sowjetunion, 4, 501 (1933) 

. Bragg, J. K., Madison, T. C., and Sharbaugh, A. H., Phys. Rev., 77, 148, 571 


Bardeen, J., and Townes, C. H., Phys. Rev., 73, 97 (1948) 
Bardeen, J., and Townes, C. H., Phys. Rev., 73, 627, 1204 (1948) 
Beard, C. I., and Dailey, B. P., J. Am. Chem. Soc., 71, 929 (1949) 
Beard, C. I., and Dailey, B. P., J. Chem. Phys., 18, 1437 (1950) 
Becker, G. E., and Autler, S. H., Phys. Rev., '70, 300 (1946) 
Bender, R. S., Phys. Rev., 70, 340 (1946) 

Beringer, R., Phys. Rev., 70, 53 (1946) 


(1950) 
3ragg, J. K., and Sharbaugh, A. H., Phys. Rev., 75, 1774 (1949) 


. Bragg, J. K., and Golden, S., Phys. Rev., 75, 735 (1949) 
. Bragg, J. K., Phys. Rev., 74, 533 (1948) 
. Burkhalter, J. H., Anderson, R. S., Smith, W. V., and Gordy, W., Phys. Rev., 79, 


651 (1950) 


. Carter, R. L., and Smith, W. V., Phys. Rev., 73, 1053 (1948) 

. Carter, R. L., and Smith, W. V., Phys. Rev., 72, 1265 (1947) 

39. Castle, J. G., Jr., and Beringer, R., Phys. Rev., 80, 114 (1950) 
40. 
. Coates, R. J., Rev. Sct. Instruments, 19, 586 (1948) 
42. 
43. 
44. 
45. 
46. 
47. 
48. 
49. 
50. 
7. 
52. 


Cleeton, C. E., and Williams, N. H., Phys. Rev., 45, 234 (1934) 


Coester, F., Phys. Rev., 77, 454 (1950) 

Cohen, V. W., Koski, W. S., and Wentink, T., Jr., Phys. Rev., 76, 703 (1949) 
Coles, D. K., and Good, W. E., Phys. Rev., 70, 979 (1946) 

Coles, D. K., Elyash, E. S., and Gorman, J. G., Phys. Rev., 72, 973 (1947) 
Coles, D. K., Phys. Rev., 74, 1194 (1948) 

Coles, D. K., and Hughes, R. H., Pays. Rev., 76, 178 (1949) 

Coles, D. K., and Hughes, R. H., Phys. Rev., 76, 858 (1949) 

Coles, D. K., Good, W. E., and Hughes, R. H., Phys. Rev., 77, 741 (1950) 
Coles, D. K., Advances in Electronics, 2, 300 (1950) 

Coles, D. K., Good, W. E., and Hughes, R. H., Phys. Rev., 79, 224 (1950) 
Cornwell, C. D., J. Chem. Phys., 18, 1118 (1950) 





172 WILSON 


53. Crawford, B. L., Jr., and Mann, D. E., Ann. Rev. Phys. Chem., 1, 151 (1950) 

54. Cunningham, G. L., LeVan, W. I., and Gwinn, W. D., Phys. Rev., 74, 1537 (1948) 

55. Cunningham, G. L., Boyd, A. W., Gwinn, W. D., and LeVan, W. I., J. Chem. 
Phys., 17, 211 (1949) 

56. Dailey, B. P., Kyhl, R. L., Strandberg, M. W. P., Van Vleck, J. H., and Wilson, 
E. B., Jr., Phys. Rev., 70, 984 (1946) 

57. Dailey, B. P., Phys. Rev., 72, 84 (1947) 

58. Dailey, B. P., and Wilson, E. B., Jr., Phys. Rev., 72, 522 (1947) 

59. Dailey, B. P., Golden, S., and Wilson, E. B., Jr., Phys. Rev., 72, 871 (1947) 

60. Dailey, B. P., Rusinow, K., Shulman, R. G., and Townes, C. H., Phys. Rev., 74, 
1245 (1948) 

61. Dailey, B. P., Minden, H., and Shulman, R. G., Phys. Rev., 75, 1319 (1949) 

62. Dailey, B. P., Mays, J. M., and Townes, C. H., Phys. Rev., 76, 136 (1949) 

63. Dailey, B. P., Anal. Chem., 21, 540 (1949) 

64. Dakin, T. W., Good, W. E., and Coles, D. K., Phys. Rev., 70, 560 (1946) 

65. Dakin, T. W., Good, W. E., and Coles, D. K., Phys. Rev., 71, 640 (1947) 

66. Debye, P., and Manneback, C., Nature, 119, 83 (1927) 

67. de Quevedo, J. L., and Smith, W. V., J. Applied Phys., 19, 831 (1948) 

68. Dicke, R. H., Rev. Sci. Instruments, 17, 268 (1946) 

69. Edgell, W. F., and Roberts, A., J. Chem. Phys., 16, 1002 (1948) 

70. Eshback, J. R., Hillger, R. E., and Jen, C. K., Phys. Rev., 80, 1106 (1950) 

71. Fano, U., J. Research Nat. Bur. Standards, 40, 215 (1948) 

72. Feld, B. T., Phys. Rev., 72, 1116 (1947) 

73. Fristrom, R., Baird D., and Sirvetz, M., Rev. Sci. Instruments, 21, 881 (1950) 

74. George, W. D., Lyons, H., Freeman, J. J., and Shaull, J. M., Rept. CRPL-8-1, 
9-4 (Nat. Bur. Standards, Central Radio Propagation Lab., May 29, 1947) 

75. Geschwind, S., Minden, H., and Townes, C. H., Phys. Rev., 78, 174 (1950) 

76. Gilbert, D. A., and Roberts, A., Phys. Rev., 76, 1723 (1949) 

77. Gilliam, O. R., Edwards, H. D., and Gordy, W., Phys. Rev., 73, 635 (1948) 

78. Gilliam, O. R., Edwards, H. D., and Gordy, W., Phys. Rev., 75, 1014 (1949) 

79. Gilliam, O. R., Johnson, C. M., and Gordy, W., Phys. Rev., 78, 140 (1950) 

80. Golden, S., and Wilson, E. B., Jr., J. Chem. Phys., 16, 669 (1948) 

81. Golden, S., Wentink, T., Jr., Hillger, R. E., and Strandberg, M. W. P., Phys. 
Rev., 73, 92 (1948) 

82. Goldstein, J. H., and Bragg, J. K., Phys. Rev., 75, 1453 (1949) 

83. Goldstein, J. H., and Bragg, J. K., Phys. Rev., 78, 347 (1950) 

84. Good, W. E., Phys. Rev., 70, 213 (1946) 

85. Good, W. E., and Coles, D. K., Phys. Rev., 71, 383 (1947) 

86. Gordy, W., and Kessler, M., Phys. Rev., 71, 640 (1947) 

87. Gordy, W., Smith, A. G., and Simmons, J. W., Phys. Rev., 71, 917 (1947) 

88. Gordy, W., Smith, A. G., and Simmons, J. W., Phys. Rev., 72, 249 (1947) 

89. Gordy, W., and Kessler, M., Phys. Rev., 72, 644 (1947) 

90. Gordy, W., Simmons, J. W., and Smith, A. G., Phys. Rev., 74, 243 (1948) 

91. Gordy, W., Revs. Modern Phys., 20, 668 (1948) 

92. Gordy, W., and Gilliam, O. R., Phys. Rev., 76, 443 (1949) 

93. Gordy, W., Ring, H., and Burg, A. B., Phys. Rev., 78, 512 (1950) 

94. Gordy, W., and Sheridan, J., Phys. Rev., 79, 224 (1950) 

95. Halford, J. O., J. Chem. Phys., 18, 361 (1950) 

96. Hartz, T. R., and van der Ziel, A., Phys. Rev., 78, 473 (1950) 











37. 

98. 

99. 
100. 
101. 
102. 
103. 
104. 
105. 
106. 
107. 
108. 
109. 
110. 


111. 
112. 
113. 
114. 
115. 
116. 


117. 
118. 
119. 
120. 
121. 
122. 
123. 
124. 
125. 
126. 
127. 


128. 


129. 


130. 
131. 
132. 
133. 
134. 
135. 
136. 
137. 


138. 
139. 
140. 
141. 


MICROWAVE SPECTROSCOPY 173 


Hedrick, L. C., Rev. Sci. Instruments, 20, 781 (1949) 

Henderson, R. S., Phys. Rev., 74, 107, 626 (1948) 

Hershberger, W. D., J. Applied Phys., 17, 495 (1946) 

Hershberger, W. D., and Turkevich, J., Phys. Rev., 71, 554 (1947) 

Hershberger, W. D., J. Applied Phys., 19, 411 (1948) 

Hershberger, W. D., and Norton, L. E., RCA Review, 9, 38 (1948) 

Howard, R. R., and Smith, W. V., Phys. Rev., 77, 840 (1950) 

Howard, R. R., and Smith, W. V., Phys. Rev., 79, 128 (1950) 

Hughes, R. H., and Wilson, E. B., Jr., Phys. Rev., 71, 562 (1947) 

Jauch, J. M., Phys. Rev., 72, 715 (1947) 

Jen, C. K., Phys. Rev., 74, 1396 (1948) 

Jen, C. K., Phys. Rev., 76, 1494 (1949) 

Jen, C. K., Phys. Rev., 81, 197 (1951) 

Jones, L. H., Shoolery, J. N., Shulman, R. G., and Yost, D. M., J. Chem. Phys., 
18, 990 (1950) 

Karplus, R., and Schwinger J., Phys. Rev., 73, 1020 (1948) 

Karplus, R., Phys. Rev., 73, 1027 (1948) 

Karplus, R., Phys. Rev., 73, 1120 (1948) 

Karplus, R., Phys. Rev., 74, 223 (1948) 

Karplus, R., and Sharbaugh, A. H., Phys. Rev., 75, 889, 1449 (1949) 

Kellogg, J. M. P., Rabi, I. I., Ramsey, N. F., Jr., and Zaccharias, J. R., Phys. 
Rev., 57, 677 (1940) 

Kessler, M., Ring, H., Trambarulo, R., and Gordy, W., Phys. Rev., 79, 54 (1950) 

Kisliuk, P., and Townes, C. H., J. Research Natl. Bur. Standards, 44, 611 (1950) 

Kisliuk, P., and Townes, C. H., J. Chem. Phys., 18, 1109 (1950) 

Knight, G., and Feld, B. T., Phys. Rev., 74, 354 (1948) 

Koski, W. S., Wentink, T., Jr., and Cohen, V. W., Phys. Rev., 77, 742 (1950) 

Kronig, R. de L., Proc. Natl. Acad. Sci., 12, 608 (1926) 

Lamb, W. E., Phys. Rev., 70, 308 (1946) 

zamb, W. E., Jr., and Rutherford, R. C., Phys. Rev., 72, 241 (1947) 

zamb, W. E., Jr., and Skinner, M., Phys. Rev., 78, 539 (1950) 

amont, H. R. L., Proc. Phys. Soc. (London), 61, 562 (1948) 

zamont, H. R. L., Phys. Rev., 74, 353 (1948) 

sawrance, R. B., Phys. Rev., 78, 347 (1950) 

LeBot, J., Freyman, M., and Freyman, R., J. phys. radium, 9, 1D-60D (1948) 

Lide, D. R., and Coles, D. K., Phys. Rev., 80, 911 (1950) 

Livingston, R., Gilliam, O. R., and Gordy, W., Phys. Rev., '76, 149 (1949) 

Loubser, J. H. N., and Townes, C. H., Phys. Rev., 76, 178 (1949) 

Loubser, J. H. N., and Klein, J. A., Phys. Rev., 78, 348 (1950) 

Low, W., and Townes, C. H., Phys. Rev., 75, 529 (1949) 

Low, W., and Townes, C. H., Phys. Rev., 76, 1295 (1949) 

Low, W., and Townes, C. H., Phys. Rev., '79, 224 (1950) 

Lyons, H., Kessler, M., Rueger, L. J., and Nuckolls, R. G., Phys. Rev., 81, 297 
(1951) 

Manneback, C., Physik. Z., 28, 72 (1927) 

Margenau, H., Phys. Rev., 76, 121 (1949) 

Margenau, H., Phys. Rev., 76, 1423 (1949) 

Matlack, G., Glockler, G., Bianco, D. R., and Roberts, A., J. Chem. Phys., 18, 
332 (1950) 


—— 


— 








174 


142. 
143. 


144. 
145. 


146. 
147. 
148. 


149. 
150. 
151. 
152. 
153. 
154. 
155. 
156. 
157. 
158. 
159. 
160. 
161. 
162. 
163. 
164. 
165. 
166. 


167. 
168. 
169. 


170. 
eg 


172. 
173. 
174. 
175. 
176. 
a77. 
178. 
179. 
180. 
181. 


182. 
183. 


WILSON 


Mizushima, M., Phys. Rev., 74, 705 (1948) 

McAfee, K. B., Jr., Hughes, R. H., and Wilson, E. B., Jr., Rev. Sci. Instruments, 
20, 821 (1949) 

McAfee, K. B., Jr., Phys. Rev., 78, 340 (1950) 

Miller; S. L., Kraitchman, J., Dailey, B. P., and Townes, C. H., Bull. Am. Phys. 
Soc., 26(1), 40 (1951) 

Millman, G. H., and Raymond, R. C., J. Applied Phys., 20, 413 (1949) 

Minden, H. T., Mays, J. M., and Dailey, B. P., Phys. Rev., 78, 347 (1950) 

M.I.T. Radiation Lab. Series, 11, Technique of Microwave Measurements, 345-— 
75 (McGraw-Hill Book Co., New York, 1947) 

Newell, G., and Dicke, R. H., Phys. Rev., 81, 297 (1951) 

Nielsen, H. H., and Dennison, D. M., Phys. Rev., 72, 1101 (1947) 

Nielsen, H. H., Phys. Rev., '77, 130 (1950) 

Nielsen, H. H., Phys. Rev., 78, 296 (1950) 

Penney, W. C., Phil. Mag., 11, 602 (1931) 

Pietenpol, W. J., and Rogers, J. D., Phys. Rev., 76, 690 (1949) 

Pietenpol, W. J., Rogers, J. D., and Williams, D., Phys. Rev., 77, 471 (1950) 

Pietenpol, W. J., Rogers, J. D., and Williams, D., Phys. Rev., 78, 480 (1950) 

Pond, T. A., and Cannon, W. F., Phys. Rev., 72, 1121 (1947) 

Pound, R. V., Rev. Sci. Instruments, 17, 490 (1946) 

Richardson, W. S., and Wilson, E. B., Jr., J. Chem. Phys., 18, 694 (1950) 

Roberts, A., Beers, Y., and Hill, A. G., Phys. Rev., '70, 112 (1946) 

Roberts, A., Phys. Rev., '73, 1405 (1948) 

Roberts, A., and Edgell, W. F., J. Chem. Phys., 17, 742 (1949) 

Senatore, S. J., Phys. Rev.,'78, 293 (1950) 

Sharbaugh, A. H., Phys. Rev., 74, 1870 (1948) 

Sharbaugh, A. H., and Mattern, J., Phys. Rev., 75, 1102 (1949) 

Sharbaugh, A. H., Bragg, J. K., Madison, T. C., and Thomas, V. G., Phys. Rev., 
76, 1419 (1949) 

Sharbaugh, A. H., Madison, T. C., and Bragg, J. K., Phys. Rev., 76, 1529 (1949) 

Sharbaugh, A. H., Rev. Sct. Instruments, 21, 120 (1950) 

Sharbaugh, A. H., Pritchard, B. S., and Madison, T. C., Phys. Rev., 77, 302 
(1950) 

Sharbaugh, A. H., Thomas, V.G., and Pritchard, B.S., Phys. Rev.,'78, 64 (1950) 

Sharbaugh, A. H., Pritchard, B. S., Thomas, V. G., Mays, J. M., and Dailey, 
B. P., Phys. Rev., 79, 189 (1950) 

Sheridan, J., and Gordy, W., Phys. Rev., 77, 292 (1950) 

Sheridan, J., and Gordy, W., Phys. Rev., 77, 719 (1950) 

Sheridan, J., and Gordy, W., Phys. Rev., 79, 224 (1950) 

Sheridan, J., and Gordy, W., Phys. Rev., 79, 513 (1950) 

Shulman, R. G., Dailey, B. P., and Townes, C. H., Phys. Rev., 74, 846 (1948) 

Shulman, R. G., and Townes, C. H., Phys. Rev., 77, 421 (1950) 

Shulman, R. G., and Townes, C. H., Phys. Rev., 77, 500 (1950) 

Shulman, R. G., Dailey, B. P., and Townes, C. H., Phys. Rev., 78, 145 (1950) 

Simmons, J. W., and Gordy, W., Phys. Rev., 73, 713 (1948) 

Smith, A. G., Gordy, W., Simmons, J. W., and Smith, W. V., Phys. Rev., 75, 260 
(1949) 

Simmons, J. W., Phys. Rev., 76, 686 (1949) 

Simmons, J. W., Anderson, W. E., and Gordy, W., Phys. Rev., '77, 77 (1950) 








184. 
185. 
186. 
187. 
188. 
189. 
190. 
191. 


192. 
193. 
194. 
195. 
196. 
197. 
198. 


199. 


200. 


MICROWAVE SPECTROSCOPY 175 


Simmons, J. W., and Swan, W. O., Phys. Rev., 80, 289 (1950) 

Simmons, J. W., and Anderson, W. E., Phys. Rev., 80, 338 (1950) 

Smith, A. G., Ring, H., Smith, W. V., and Gordy, W., Phys. Rev., '73, 663 (1948) 

Smith, A. G., Ring, H., Smith, W. V., and Gordy, W., Phys. Rev., '74, 370 (1948) 

Smith, D. F., Phys. Rev., 74, 506 (1948) 

Smith, D. F., Tidwell, M., and Williams, D. V. P., Phys. Rev., 77, 420 (1950) 

Smith, D. F., Tidwell, M., and Williams, D. V. P., Phys. Rev., 79, 1007 (1950) 

Smith, W. V., de Quevedo, G. J. L., Carter, R. L., and Bennett, W.S., J. Applied 
Phys., 18, 1112 (1947) 

Smith, W. V., Phys. Rev., 71, 126 (1947) 

Smith, W. V., and Unterberger, R. R., J. Chem. Phys., 17, 1348 (1949) 

Smith, W. V., and Howard, R. R., Phys. Rev., 79, 132 (1950) 

Snyder, H.S., and Richards, P. I., Phys. Rev., 73, 1178 (1948) 

Southern, A. L., Morgan, H. W., Keilholtz, G. W., and Smith, W. V., Phys. 
Rev., 78, 639 (1950) 

Strandberg, M. W. P., Kyhl, R., Wentink, T., Jr. and Hillger, R. E., Phys. 
Rev., 71, 326, 639 (1947) 

Strandberg, M. W. P., Wentink, T., Jr., Hillger, R. E., Wannier, G. H., and 
Deutsch, M. L., Phys. Rev., 73, 188 (1948) 

Strandberg, M. W. P., Wentink, T., Jr., and Kyhl, R. L., Phys. Rev., 75, 270 
(1949) 

Strandberg, M. W. P., Wentink, T., Jr., and Hill, A. G., Phys. Rev., 75, 8 
(1949) 


Nw 


7 


. Strandberg, M. W. P., Pearsall, C. S., and Weiss, M. T., J. Chem. Phys., 17, 


429 (1949) 


. Strandberg, M. W. P., J. Chem. Phys., 17, 901 (1949) 
. Strandberg, M. W. P., Meng, C. Y., and Ingersoll, J. G., Phys. Rev., 75, 1524 


(1949) 


. Townes, C. H., and Merritt, F. R., Phys. Rev., 70, 558 (1946) 

. Townes, C. H., Phys. Rev., '70, 665 (1946) 

. Townes, C. H., Phys. Rev., 71, 909 (1947) 

. Townes, C. H., and Merritt, F. R., Phys. Rev., '72, 1266 (1947) 

. Townes, C. H., Merritt, F. R., and Wright, B. D., Phys. Rev., 73, 1334 (1948) 
. Townes, C. H., and Geschwind, S., Phys. Rev., 74, 626 (1948) 

. Townes, C. H., Holden, A. N., and Merritt, F. R., Phys. Rev., 74, 1113 (1948) 
. Townes, C. H., and Geschwind, S., J. Applied Phys., 19, 795 (1948) 

. Townes, C. H., and Aamodt, L. G., Phys. Rev., 76, 691 (1949) 

. Townes, C. H., Mays, J. M., and Dailey, B. P., Phys. Rev., 76, 700 (1949) 

. Townes, C. H., and Dailey, B. P., J. Chem. Phys., 17, 782 (1949) 

. Trambarulo, R., and Gordy, W., Phys. Rev., 79, 224 (1950) 

. Trambarulo, R., and Gordy, W., J. Chem. Phys., 18, 1613 (1950) 

. Unterberger, R. R., Trambarulo, R., and Smith, W. V., J. Chem. Phys., 18, 565 


(1950) 


. Unterberger, R. R., and Smith, W. V., Rev. Sci. Instruments, 19, 580 (1948) 
. Van Vleck, J. H., The Theory of Electric and Magnetic Susceptibilities, Chap. 6, 


143-55 (Oxford Univ. Press, Oxford, 384 pp., 1932) 


. Van Vleck, J. H., and Weisskopf, V. F., Revs. Modern Phys., 17, 227 (1945) 
. Van Vieck, J. H., Phys. Rev., 71, 413 (1947) 
. Van Vleck, J. H., Phys. Rev., 71, 425 (1947) 





176 


223. 
224. 
225. 
226. 
227. 
228. 
229. 
230. 
231. 


232. 


233. 


234. 
235. 
236. 
237. 
238. 
239. 





WILSON 


Van Vleck, J. H., Phys. Rev., 71, 468 (1947) 

Van Vleck, J. H., and Margenau, H., Phys. Rev., 76, 1211 (1949) 

Walter, J. E., and Hershberger, W. D., J. Applied Phys., 17, 814 (1946) 

Watts, R. J., and Williams, D., Phys. Rev., 71, 639 (1947) 

Watts, R. J., and Williams, D., Phys. Rev., 72, 980 (1947) 

Watts, R. J., and Williams, D., Phys. Rev., 72, 1122 (1947) 

Weidner, R. T., Phys. Rev., 72, 1268 (1947) 

Weidner, R. T., Phys. Rev., 73, 254 (1948) 

Weingarten, I. R., The Absorption of Microwaves by Bases at High Pressures 
(Doctoral thesis, Columbia University, 57 pp., 1948) 

Weiss, M. T., Strandberg, M. W. P., Lawrance, R. B., and Loomis, C. C., Phys. 
Rev., 78, 202 (1950) 

Westenberg, A. A., Goldstein, J. H., and Wilson, E. B., Jr., J. Chem. Phys., 17, 
1319 (1949) 

Westenberg, A. A., and Wilson, E. B., Jr., J. Am. Chem. Soc., 72, 199 (1950) 

Whiffen, D. H., Quart. Revs., 4, 131 (1950) 

Wick, G. C., Phys. Rev., 73, 51 (1948) 

Williams, D., Phys. Rev., 72, 974 (1947) 

Williams, J. Q., and Gordy, W., J. Chem. Phys., 18, 994 (1950) 

Williams, J. Q., and Gordy, W., Phys. Rev., 79, 225 (1950) 











QUANTUM THEORY’ 


By GEORGE E. KIMBALL 


Department of Chemistry, Columbia University, 
New York, N. Y. 


Hybridization and directed valence—Most work on valence theory has 
been based in one way or another on atomic orbitals. It was pointed out 
early in the history of the subject by Slater (1) and Pauling (2) that linear 
combinations of the usual 2s and 2p wave functions could be formed which 
project in space toward the four corners of a regular tetrahedron. Pauling 
also showed that from one s and two p orbitals, three linear cominations 
could be constructed which lie in a plane at 120° to each other. When d 
orbitals are available, more complex arrangements are possible. In particular, 
Pauling found that the configuration dsp? could give tetrahedral hybrids, 
and d’sp’ a set directed toward the corners of a regular octahedron. 

The general problem of constructing sets of hybrid orbitals was considered 
first by Hultgren (3). Many of the implications of this paper have been over- 
looked, and it will be necessary here to summarize some of Hultgren’s results. 
Beginning with the usual set of s, p, and d orbitals (in polar co-ordinates with 
the radial factors omitted), 


s=1 
Pz = (3)! cos 6 
pz = (3)) sin @ cos 


(3)3 sin @ sin @ 


> 
ll 


dz = } (5)! (3 cos? @ — 1) I 
dzy2 = (15)! sin 6 cos @ cos 


dyyz = (15)! sin @ cos 6 sin } 


" 


4 (15)! sin? 0 cos 2¢ 
diyy = 4 (15)! sin? @ sin 2¢ 


it is possible to use any linear combination of these nine orbitals whatsoever. 
Except in a few degenerate cases, such a linear combination will have a maxi- 
mum value somewhere on the unit sphere. The direction of this maximum 
is taken to be the direction of the hybrid. To form a o bond, i.e., one which 
has cylindrical symmetry about its axis, certain additional requirements 
must be met, and Hultgren showed that the most general hybrid of the ¢ 
type in the direction of the z axis was of the form 


¥(a, b, c; 0,0) = as + bp, + cd, II 


! The survey of the literature pertaining to this review was concluded in January, 
1951. 
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The three coefficients a, b, c are subject to the normalizing condition 
’+h?+ce=1 III 


and can be interpreted by regarding a?, b?, and c? as the fractions of s, p, and 
d character of the hybrid. It should be emphasized that it is not necessary 
that these coefficients be related to any configuration s”™ p" d¢ with integral 
exponents; that is, a?, b?, and c? may perfectly well be irrational numbers. 

By a pure rotation, the hybrid (a, b, c; 0, 0) can be transformed so that 
it has the arbitrary direction 0, ¢. We shall denote such a hybrid by (a, }, c; 
6, @). Hultgren has shown that the condition that the two hybrids 


v(a, by, C15 6, du) and y (a2, bo, C25 62, odo) 


be «rthogonal is 
102 + byb2 cos w + €1¢2(} cos? w — 3) = 0 IV 


where w is the angle between the directions 6’, g’ and 0”, o’’. 
Now suppose that only the s and p orbitals are available. For any set of 
positive numbers qj, de, a3, a4such that 
a,” + a2? + a3? + a2 = 1 V 
we can define 


by = V1 = a2 VI 
and construct the set of hybrids ¥(a;, b; 0; 0;, @;). It can be shown that the 
6; and ¢; can be chosen so that equation IV is satisfied for all six pairs of 
hybrids, the angles w;; between pairs given by 

COS wij = — a;a;/b;b; VII 


There are thus as many ways of constructing complete sets of s-p hybrids 
as there are sets of positive numbers aj, dz, d3, a4 satisfying equation V. 
Included among these are the well-known tetrahedral hybrids, given by 
Q, =d2=a3=a4=}, b:=b2=b3=b4=44/3, the trigonal hybrids a:=a2:=a3 
=(4)!, ag=0, b} =b2=b3=(2)!, b5=1, and the digonal hybrids a; =a2=(3)}!, 
a3=a,=0, b: =b2=(4)!, bs =b4=1. It is easily seen that equation VII gives 
the proper angles between these hybrids. But these are only three out of an 
infinite number of possible sets of hybrids, with angles w ranging continuously 
from 90° to 180°. 

The corresponding theorem for s-p-d hybrids is still unknown. One might 
suspect that arbitrary hybridizations are possible in the sense that for any 
set of numbers aj, b;, c; (¢=1, 2, - - - , 9) satisfying the equations 

a? +b? +c? = 1 
ale VIII 
; b,? = 3 
> C;? = 5 
a set of orthogonal linear combinations can be found in which the sums of 
the squares of the coefficients of the s, p, and d orbitals in the ith combination 
are respectively a;?, b;2 and c,?. But even in case this suspicion is correct, it 
is certain that not all the combinations have the symmetry required for 
o bonds. 
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In the absence of a general theorem, attention has been concentrated 
on sets of equivalent hybrids. For any two equivalent hybrids, equation IV 


becomes 
a? + b? cos w + c? (3 cos? w — 3) = 0 Ix 


where a?, b?, and c? are now the fractions of s, p, and d character in the hy- 
brids. Since these must add to unity, the hybrids may be represented by the 
usual form of triangular diagram. This diagram is shown in Figure 1. 

The diagram shows that not more than two different bond angles can 
exist between equivalent o hybrids, but that a very wide variety of pairs 
of angles can exist. Included among the points in the diagram are the s-p 
hybrids already discussed, and the octahedral hybrids usually designated as 
sp*d? (a2=%, b?=4, c?=4, w=90° and 180°). But it is also clear that tetra- 
hedral angles can be obtained not only from sp* and sd* but also from any 
other mixture with a?=}. 

If the restriction to pure o orbitals is dropped a very wide variety of 
equivalent hybrids becomes possible. The effect of departures of the hybrids 


Ss 
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from cylindrical symmetry about the axis is probably small, so that such 
hybrids are undoubtedly available for use in many compounds. The first 
example of such noncylindrical hybridization was found by Pauling (4) 
in his “‘square’’ orbitals (a2=}, b?=43, c?=}). This set has been extended 
by Kuhn (5) to cover the general type a?=/4, b?=4, c?=(2—n)/4. These 
orbitals remain directed toward the corners of a square as 1 is varied. 

A set of five (nonequivalent) orbitals directed towards the corners of a 
trigonal bipyramid has been discussed by Duffy (6) who has also discussed 
various arrangements of six bonds (7, 8, 9). 

A partial systemization of orbital angles can be obtained by the use of 
group theory [cf. Van Vleck (10) and Kimball (11)], but in general the re- 
sults are not unique. 

Bond angles —The general agreement between observed bond angles 
and direction angles is well known [cf. Pauling (4)]. It must be recognized, 
however, that in a great many cases, the angles predicted from hybridization 
considerations do not differ significantly from those derived from simple 
packing considerations. Such cases offer little test of the theory. 

A question of long standing has been the proper interpretation of the 
bond angles in water and ammonia which have been observed to be 105° and 
108°, with similar values for substituted compounds. These angles may result 
from a distortion of the natural 90° angle of pure p bonds by repulsion be- 
tween the hydrogen atoms or may indicate the presence of partial hybridiza- 
tion. The recent development of microwave techniques has offered a means 
of resolving this question. The method has been described by Townes & 
Dailey (12). It depends on the fine structure produced in the rotational 
absorption spectrum by the coupling of the rotational angular momentum 
with nuclear spin. The splitting depends on the quadrupole moment of 
the nucleus and the ‘“‘quadrupole coupling constant’”’ of the molecule. This 
quadrupole coupling constant is a measure of the dissymmetry of the electrical 
field at the nucleus. It is determined largely by the electrons of the atom 
to which the nucleus belongs, but closed shells and s electrons make no 
contribution because of their spherical symmetry. The largest contribution 
is made by p electrons, and to a first rough approximation, the quadrupole 
coupling constant is a measure of the number of p electrons. 

If the binding in ammonia were entirely by pure p electrons, the quad- 
rupole coupling constant would vanish and no fine structure would be 
observed. But actually, such a fine structure has been observed, so the con- 
clusion must be drawn that the molecule is formed by hybrid orbitals. 
Unfortunately, the oxygen nucleus has not the proper spin (it must be 1 
or larger), so that no direct evidence on the oxygen binding can be obtained 
in this way. However, there is a considerable body of evidence on covalently 
bound halides. Because of the univalent nature of these elements, bond angles 
give no clue to the hybridization, but the quadrupole coupling constants all 
point to a considerable mixing of s character with the p electrons forming 
the bonds. In fact the amount approaches the js-$p combination which 
leads to tetrahedral orbitals. The most plausible explanation of all the results 
is that tetrahedral hybridization, or something approaching it, is charac- 
teristic not only of carbon, but also of nitrogen and oxygen. 
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Another conclusion must be drawn from the fact that the quadrupole 
coupling constant of nitrogen is essentially the same in ammonia and in 
molecules containing the —-C=N group. This is incompatible with the 
assumption usually made that the nitrogen atom forms its 7 bonds with 
pure p orbitals and its o bond with an orbital which is }p-}s. Instead it 
must be assumed that the o bond orbital is }p-?s and the unshared pair 
orbital is 2p-}s. This is just what would be expected if the triple bond were 
derived by resonance from three tetrahedral orbitals. 

It seems natural to extend this result to other multiple bonds. If triple 
bonds in general have a o component which is }p-3s, and pure 3pm compo- 
nents, the remaining orbital with #p-js will lie at 180° to the triple bond 
(cf. equation VII) in accordance with observation. Double bonds should 
have ag component which is }p-3s and a pure pm component. If the remain- 
ing orbitals are equivalent, they will be #p-is and have the tetrahedral 
angle between them. The large amounts of s character in the o orbitals 
also helps to produce the observed shortening as one goes from single to 
double to triple bonds. 

This evidence all points toward the conclusion that bond angles are 
generally very close to orbital angles. But there is one group of compounds 
which obstinately refuses to fit into this pattern: the compounds containing 
three-membered rings. The minimum angle which can be formed by s-p 
hybrids is 90°, and while the introduction of d orbitals can produce angles 
as small as 53°, these small angles are formed only by hybrids which are 
nearly pure d character (see Figure 1). It is therefore necessary to assume 
that in such molecules as cyclopropane and ethylene oxide, the bonds are 
“‘bent.”’ The stability of such bent structures has been discussed by Coulson 
& Moffitt (13) and by Walsh (14). To a first approximation, the ring bonds 
of cyclopropane are formed by approximately tetrahedral hybrids over- 
lapping their neighbors at an angle departing from linearity by as much as 
25°. Walsh shows that the strain resulting from this bending is partially 
relieved by a resonance effect resulting from the symmetry. This symmetry 
effect may account for the fact that ethylene oxide has been found by 
Cunningham, Boyd & Gwinn (15) to have a C—O—C angle of 61°41.2’ 
and an O—C—C angle of 59°9.4’. Such a small departure from an equi- 
lateral triangle in a heterocyclic ring can hardly be accidental. It is also 
interesting to note that the H—C—H angle of 116°51’ is close to the value 
of 113° calculated by Coulson & Moffitt. 

The situation in P,is somewhat similar and has been discussed by Moffitt 
(16). Moffitt has shown that here too a resonance effect can partially 
overcome the effects of strain, and he ascribes the binding to pure p orbitals, 
contrary to an earlier suggestion by Arnold (17) that hybrids of }p-3d 
character were involved. However, the fact that bent bonds are necessary 
in these cases raises the suspicion that bonds may be bent in other cases 
where the necessity is less obvious. This reopens the whole question of 
whether or not bond angles are synonymous with hybridization angles. 

Nonatomic orbitals —Interest has been growing in the use of orbitals 
other than atomic orbitals as the starting point for quantum mechanical 
calculations on molecular problems. Boys (18) has proposed the use of wave 











LCPISUIe MOL UlLLY Ul CATUUT, VUL AIS VE PALE EE GEM MAYEN: 


182 KIMBALL 


functions of the type e~*” or e~*" where r is the distance from an adjustable 
point, not necessarily an atomic nucleus, and a is a variation parameter. 
In the case of the function e~*”, Boys has evaluated all of the integrals which 
are needed for any molecular problem, which involve only the usual func- 
tions and the special function 


2 
F(z) = <4 f edu X 
0 
which has the power series expansion 
1 1 (— 1)" 
F(t) = 1—-—2+ —2?--+ = 4+ ———_—_- #*- - - - XI 
©) 3 50 + Qn + D si 
useful for small z, and the asymptotic expansion 
Vr 1 1 
pe le ee ee XII 
(z) 3 "Talis + 7 eli 


for large z. 

The integrals in question involve the functions e~*'4’, e's", etc., which 
depend on the distances r4 from a point A, rg from a point B, etc. These 
functions will be abbreviated to (aA), (bB), etc. In addition to the points 








A, B, + + +, there are also involved the points P, located at the ‘‘center 
of gravity” of the points A and B, with weights a and 3, i.e., 
A, + dB, 
++. an XIII 
a+b 


and the point Q, at the ‘‘center of gravity’’ of C and D with weights c and 
d. Distances between these points are denoted by Rap, Rpe, etc. 
In this notation, the orthogonality integral is 


(aA | bB) = [x/(a + 6) ]3 exp [— Raztab/(a + 6)] XIV 
and the integral for the kinetic energy of a single electron, K, is 
(aA | K|bB) = [3ab/(a+b) —2Rap?a*b?x(a+b)?]- [r(a+b) |]! exp [—Raz?ab/(a+b)| XV 
The integral for the potential energy of a single electron in the field of a 
unit charge at C is 
(aA|V.|bB) = [2x/(a + b)] exp [— Ras’ab/(a + b)]-F[Rep(a+b)] XVI 
Finally, the interaction energy of two electrons gives integrals of the form 
(aAbB| M| cCdD = 2n8!2/(a + b)(c + d)(at+b+e+a)" 
-exp [— Rap*ab/(a + 6) — Rep*cd/(c + d)| 
-F[Ree’(a + b)(¢ + d)/(at+b+ce+4+d)] XVII 
These results can be generalized further to include the wave functions 
derived from the form e~*” by differentiation. However, the results which 
can be obtained by the use of the simple exponential wave functions with 
variable centers are surprisingly good. Calculations by Neumark (19) on 
some of the simpler problems give the results shown in Table I. 
The quality of these results compares favorably with that of previous 


methods (barring the use of a large number of parameters) and is obtained 
with very little labor. 


A somewhat similar line of attack has been pointed out by Gurnee & 
Magee (20), who have modified the usual Heitler-London treatment of He 
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by using orbitals displaced from their atoms. They used the usual e~* 
type of orbital, for which the necessary integrals have been compiled by 
Hirschfelder & Linnett (21) from a number of sources. Here again, with only 


TABLE I 


CALCULATIONS UsinG NONATOMIC ORBITALS 


Boys 
: ! Exp.* 
function* F 
Ionization energy of H atom 0.42 0.50 
lonization energy of He atom 0.60 0.90 
Dissociation energy of Hz 0.11 0.17 
Internuclear distance of H» 1.50 1.40 


* Results in Hartree units. 


two adjustable parameters, results are obtained which are comparable to 
those of calculations based on centered atomic orbitals with four parameters, 
for example that of Hirschfelder & Linnett (21). 

These two results point the way toward an increased use of nonatomic 
orbitals in future molecular calculations. In principle, it would be best to 
eliminate the use of atomic orbitals entirely and make use of the Hartree- 
Fock equations (22, 23, 24) to provide the necessary orbitals. Slater (25) 
has suggested a modification of the Hartree-Fock equations which may make 
this procedure more practical than it has been in the past. The exact form 
of the Hartree-Fock equations is (in Hartree units) 


n 1 
Hyw(m) + > f atv) ualee)(- - ae u;(%) 
k=! Ti2 
n 1 : 
_ 7 me*(xs)a(os) (—)de, un(%1) 
k=l 


ri2 


= €u;(%) XVIII 
where H, is the Hamiltonian operator for electron 1 with the electron inter- 
action terms omitted, w; is the 7th of the set of » best orbitals (spin factors 
included), and ¢; is the corresponding characteristic energy. Slater points 
out that this equation may be rewritten in the equivalent form 


n 1 
Hyu;(x,) + > Sur* (x2) 04-(x2) dxou;(x)) 
kel Tie 


= Sua (x1) tat (2) a(n) a (x2) San 
-> EET AF He ae -ui(%1) = eui(ry) XIX 

k=l u;* (x1) ui(%1) 
In this form, the three terms on the left can be interpreted, the first as the 
kinetic energy and the potential energy in the field of the nuclei, the second 
as the potential energy in the charge cloud of all the electrons (including the 
one under consideration), the last as the exchange correction. The exchange 
correction amounts to the formation of a hole (the ‘‘Fermi hole’’) in the 
charge cloud which corrects mainly for the interaction of the electron with 
itself. More exactly, it corresponds to the removal of charge density 








MEEOEE LLU], WHO Have modined the usual HMeitier-London treatment of He» 
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2 bs * (x1) bK* (2) 104 (%1) 065 (X2) 


kal 165 * (1) ui (21) 





which on integration over x2 can be shown to amount to one electronic 
charge. 

In the exact form, this exchange charge density is different for each 
electron, but Slater points out that the variation is not great and suggests 
that it may be replaced by the weighted average 


> > 16;* (21) 164 (22) 264 ( 1) 16; (2) 


j=l kel 





> 1;* (x1) u;*(%1) 


j=l 
so that the Hartree-Fock equations are modified to 


n 1 
Hyus(x:) +[2 Jf ta(x2)uslas) — drs 
kel Ti2 


n n 1 
ys : ff i* dua (asda a) — dx, 
r 


jal kel 12 





. ui(%1) = eui(m) XX 
DL 1;*(x1)uj(m) 


ia 
This has the advantage that the potential terms of all the equations are the 
same, instead of varying from electron to electron. 

Although these equations are approximate, Slater points out that in 
any event, a perturbation or variation treatment will have to be used in 
the final determination of the energy, and the results should be nearly the 
same as would have been obtained with the exact Hartree-Fock orbitals. 
This has been verified by actual calculations on some special cases. 

Molecular orbital calculations——The present state of molecular orbital 
theory remains essentially as outlined in the previous review of the subject 
(26). Further mention should be made, however, of the monumental paper 
of Mulliken (27). This paper makes a critical evaluation of the entire basis 
of the molecular orbital method and relates it closely to the method of the 
self-consistent field, following the method of Roothaan (28). The use of self- 
consistent field LCAO? molecular orbitals makes possible the solution of a 
number of problems to a good approximation without the use of any empirical 
values of integrals. In particular, the method (in various degrees of approxi- 
mation) has been used by Parr & Crawford (29, 30) to compute electronic 
levels and vibrational force constants in ethylene and benzene, by Parr, 
Craig & Ross (31) on butadiene, by Parr & Taylor (32) on allene, and by 
Mulligan (33) on carbon dioxide. 

The success of these calculations, allowing for the fact that they are 
free from empirical integrals, is considerable, but it is important to note 
that this success has been obtained only by including a number of factors 
which are omitted in most of the semi-empirical molecular orbital calcula- 
tions. Mulliken (27) points out that the success of the semi-empirical 
method depends in large part on an accidental cancellation of two fairly 


2 Linear combination of atomic orbitals. 








itself. More exactly, it corresponds to the removal of charge density 
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large errors. This cancellation can not be depended upon, for in some cases 
the errors may be of the same sign. 

Free electron models —In view of the many complications encountered 
in molecular orbital and valence bond calculations of spectra, the success 
which can be obtained by the “free electron’? model is quite surprising. 
The work of Kuhn (34, 35), Bayliss (36, 37, 38), Simpson (39), and Platt (40) 
has all been based on essentially the same idea, to treat the z-electrons of 
a conjugated system as though they were particles moving in a one-dimen- 
sional potential field. 

In the first of these calculations, the potential used was that of the ‘‘par- 
ticle in a box,”’ i.e., constant over a certain region and infinite outside this 
region. In a linear polyene, for example, the ‘‘box’’ was a line of length 
approximately equal to the length of the molecule. This model gives a series 
of energy levels which could account qualitatively for the part of the spec- 
trum in the ultraviolet, but was for obvious reasons incapable of predicting 
ionization potentials. For ring systems, the potential was assumed constant 
over a circular path, and the wave equation solved with periodic boundary 
conditions. The results were again qualitatively correct, giving correctly 
the shifts in frequency as the size of the ring was changed. 

As an improvement, potential fields were introduced which, instead of 
becoming infinite, approached constant values at large values of the co- 
ordinate. For example, Bayliss (38) has used a rectangular well, with 


V=-Vo (0<x<X) 
= 0 elsewhere XXI 
and a “cosine potential well” 
V=Vo (cos? = a“ 1) <x<X) Xx 
= 0 elsewhere 


These potentials each contain two adjustable parameters which Bayliss 
used to fit the wave length of the large wave-length adsorption band and 
the ionization potential. The models were then compared with experiment 
in the following ways: (a) the agreement of X with the length of the chain, 
(b) the agreement of the calculated and observed intensities of the main 
absorption bands, and (c) a general matching of the potential energy with 
curves obtained using screening constants, etc. The general agreement is 


TABLE II 


GENERAL AGREEMENT OF FREE ELECTRON MODELS WITH OBSERVED VALUES 











Molecule Actual Calculated X 
length 
(A) Square well Cosine well 
Ethylene 1.33 2.438 5.399 
Butadiene 3.66 4.234 7.239 
Hexatriene 6.14 5.900 8.939 


Octatriene 8.62 7.426 10.45 











* Linear combination Ol atomic OFDitdais, 
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illustrated by Table II. It should be noted that the shape of the cosine well 
is such that one would expect the value of X to be greater than the length 
of the chain. 


While there is a considerable improvement to be desired in these results, 


the extreme simplicity of the method by which they were obtained suggests 
again the power of methods based on nonatomic orbitals and points out the 
desirability of further exploration of this field. 


nN 


> Ww 
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BAND THEORY AND CRYSTAL STRUCTURE! 
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THE Basic CONCEPTS OF BAND THEORY 

Introduction.—The ultimate object of a theory of the solid state is to 
deduce the structure and properties of solids by the application of appropri- 
ate scientific principles to an aggregate of suitable atoms of known electronic 
nature (1). Some of the phenomena which are now fairly well understood 
in crystalline solids are: (a) the cohesive energy (type of crystal structure, 
lattice constants, elastic constants), (b) electrical and thermal conductivities, 
(c) thermal properties (specific heat, coefficient of expansion), (d) magnetic 
properties including ferromagnetism, and (e) optical properties (reflecting 
power, index of refraction). At present our understanding of properties 
which depend sensitively on irregularities in the crystal structure is not 
complete. The strength of solids and the photographic process are examples 
of phenomena which depend on imperfections. 

There are two principal methods of treating the electronic structure of a 
crystalline solid, the ‘‘band theory,’’ which supposes that an electron is able 
to wander about through the crystal, and the Heitler-London method, which 
assumes that an electron remains in the vicinity of one atom or ion for times 
which are long compared with atomic periods (i.e., times much larger than 
10-* sec.). The band theory, which we shall discuss in this review, is best 
suited to treat metals although the theory has been used on ionic and valence 
crystals. The Heitler-London theory is most successful in dealing with ionic 
or molecular crystals. 

The Sommerfeld free electron theory—Sommerfeld (2) assumed that the 
electrons in a metal move in a constant potential, i.e., that once inside the 
metal there are no forces which tend to move the electron from one position 
to a neighboring point. He also supposed that a certain amount of energy is 
required to extract an electron from the crystal against the Coulomb forces 
which bind it to the lattice of positive ions through which the electrons 
move. In addition, the interactions between the electrons are neglected. 

Figure 1 is a plot of the potential energy of a typical electron as a function 
of its position along one of the co-ordinate axes. The potential is taken to be 
zero if the electron is outside the metal. In addition to their potential energy 


! The survey of the literature pertaining to this review was concluded in December, 
1950. 
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the electrons have kinetic energy E. For an electron of mass m traveling 


with velocity v, we have that 


1 
E = — mv’. I 


An electron in a constant potential field moving with velocity v has, accord- 
ing to quantum theory, a De Broglie wavelength \ associated with it where 
h 
1A=— II 
mo 
and h is Planck’s constant, i.e., 6.6 X10-?’ erg sec. The energy is therefore 
h? 


[=——-- III 
2m 2 


If our potential well is very deep so that the total energy of the electrons 
under consideration is much less than zero, then the probability that such 
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Fic. 1. The Sommerfeld free electron potential energy curve. 


an electron strays very far outside the metal is negligible. The wave function 
y for these electrons must be a continuous function of x; since y is zero out- 
side the metal because the electrons are not found there, y is also zero at 
points on the surface of the metal. In the one dimensional case where the 
potential is that shown in Figure 1, the appropriate solutions of the Schroe- 
dinger wave equation are 
- 2 . nrx » 
¥2(x) = , 4 sin .% IV 
where the coefficient is chosen so that the probability that the electron will 
be found somewhere in the metal is unity, i.e., Sdn Wndx = 1. A few of these 
wave functions are shown in Figure 2. Since the wave length decreases as n 
increases, it is clear from equation III that the states are arranged in order of 
increasing energy. In fact, since \=2L/n, the energies can be written 
h?n? 
~ 8mL2 


For electrons moving in a cube of metal of edge L, one finds 


, V 


“n 


he 
Enyn.n3 = SmL? (m:? + me? + m3”) VI 
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Fic. 2. The free electron wave functions of lowest energy for 
the one-dimensional case. 
where %2m3 are the integers which specify the particular quantum state oc- 
cupied by the electron; m gives the number of half waves of the wave func- 
tion for this electron along the x-direction in length L. These levels are ex- 
tremely closely spaced; for example, if L is 1 cm., one finds that 
(6.6 X 10-27)2(4 — 1) 


Bien = Rina teen 
_ 8X9.8X10-X 1 





= 1.67 X 10-*% ergs = 1.04 X 10“ e.v. 


We next inquire about which levels are occupied at various temperatures. 
Since electrons obey the Pauli principle, only two electrons can occupy a 
given state, if the orientation of spins is disregarded. At absolute zero, the 
nearly 10 electrons found in 1 cc. of metal will occupy the nearly 1/2 X10” 
states which lie within the octant of the sphere in n2n3 space shown in 
Figure 3. If V be the volume of metal under consideration and N be the 


- 








me 





, 


Fic. 3. The occupied free electron states are designated by the triads of numbers that 
give the points having integral co-ordinates in the octant of the sphere shown. 
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number of electrons per cubic centimeter, then the number of occupied 
states is 


4 *2 #2 *2)\3/2 
7 (72;*2 + 2"? + n3*?)3/2 


8 


where n* refers to high energy states on the surface of the sphere. Since 


V=L', we have 
*2 ¥*2\ 3/2 
(et) =N VII 


Substituting from VII into VI, the maximum kinetic energy at absolute zero 
is E* where 
h? 3N 


E* = - VIII 
8m 





For copper, VN =0.852 X 10% assuming a valence of one. Thus, 
Ecu* = 1.04 X 107" ergs = 6.52 e.v. 
and most of the electrons have appreciable amounts of kinetic energy even 
at absolute zero. 
The work function @ of a metal (see Figure 4) is the smallest energy re- 
quired to extract electrons from the metal. The photoelectric emission from 
Ww 


Fic. 4. The work function ¢, the width in energy of the occupied states E*, and 
the depth of the free electron potential minima W, are shown for a one-dimensional 
metal. 














copper ceases for light quanta having energies which are smaller than 4.1 
v.; thus, @ for copper is 4.1 e.v. The total depth IV of the potential well is 
¢+£*. In the case of copper, W is therefore 10.6 e.v. 

Let us next calculate the density of states, i.e., the number of states 
having energies between E and E+dE. This will be the number of points 
nynon3 which fall between the spheres in integer space associated with the 
energies E and E+dE (see Figure 3). Let p be the radius in integer space of 
the sphere having energy E; then from VI, 

— i afoul 
y —— p’ anc dk = —— pdp. 
8mL? 4mL? 
The volume in integer space, and hence the number dz of states associated 
with the energy interval dE is 
327ry 2m3/2V 


dn = 4np*dp = —————-- VE dE 1X 
h8 

















BAND THEORY AND CRYSTAL STRUCTURE 191 


Thus, at absolute zero, the density of filled levels as a function of energy is as 
shown by the solid line in Figure 5. At higher temperatures, the electrons in 
the uppermost states can be thermally excited into the empty neighboring 
states giving the distribution indicated by the dotted line. An electron having 
an energy less than E*—k&T cannot be thermally excited because the states 
to which thermal agitation can bring it are for the most part already fully 
occupied. This restriction which limits thermal excitation to electrons 
within a distance of order kT of the top of the filled region enables us to 
understand how it is that the electronic specific heat is so small (3). Roughly 
a fraction kT /E* of the electrons are excited; their energy is raised by an 
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Fic. 5. The density of occupied free electron states in a metal as a 
function of energy at various temperatures. 


amount of order kT. Hence, the increase in energy by thermal agitation is 
approximately 
NV(kT)? 

Ee 


The specific heat per mole of free electrons is, therefore, 


kT 
Cy =2R ( =) X 
where R is the gas constant. Since, at room temperature, kT is about one 
fortieth of an electron volt whereas E* is several electron volts, the equation 
shows that the electronic specific heat is much less than 3R, i.e., it is much 
less than the contribution of the atomic vibrations at high temperature. This 
electronic specific heat has been observed at liquid helium temperatures (4) 
where the contribution from the lattice vibrations is negligible. 

Band theory (5).—The Sommerfeld theory neglects, among other things, 
the interactions of the electrons with the lattice. The band theory, first de- 
veloped by Bloch (6a) and Brillouin (6b), calculates the possible energy 
levels and the wave functions for an electron moving in the periodic po- 
tential provided by the crystal lattice. This potential is illustrated in Figure 
6 for the one-dimensional case. 
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We can simplify matters by introducing the wave number vector k. The 


direction of k is parallel to the velocity of the electron; the magnitude of Ris 
given by 

2n 

jel =—- XI 

r 
Thus, according to III, the kinetic energy of a free electron of wave number 
Es 
kis 

hh? 


822m 





Etree = M, XII 
Note that Efree depends only on the magnitude of k and not on its direction. 

Suppose one starts with the Sommerfeld free electron potential and 
gradually allows the size of the periodic fluctuations in potential to increase, 
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Fic. 6. Schematic diagram of the periodic electronic potential for a 
one-dimensional metal. 


then one would find that in the E versus k diagram, discontinuities in E 
would appear for certain values of k (see Figure 7). These discontinuities 
would increase in magnitude as the fluctuations in potential grow. The sur- 
faces in k space at which the discontinuities occur mark out the Brillouin 
zones (7) which we shall now discuss. 

Physically, these discontinuities occur because electrons, if they have 
the proper wave length and direction, can be diffracted by the lattice. This 
electron diffraction obeys Bragg’s law, i.e., an electron has a large probability 
of being diffracted by the lattice planes of spacing d if 


nd = 2d sin 0 
where » is an integer and @ is the angle between k and the diffracting plane. 
Written in terms of the wave number vector, this predicts discontinuities if 
nT 
d sin 6 
For a one-dimensional lattice, the diffracting planes are perpendicular to 


the electronic motion, so the discontinuities occur at k=nm/a where a is the 
lattice constant. Figure 7 shows the E versus k diagram. For a two-dimen- 
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sional square lattice of spacing a, the discontinuities occur along the lines 
shown in Figure 8. In Figure 9 the lowest Brillouin zones of various types of 
three dimensional crystals are shown. 

Let us next inquire about the degree to which various Brillouin zones are 
filled for various metals. Bloch has shown that the electronic wave functions 
for the case of a periodic potential can be written 


Ya = ef Fun(7) XIV 


7 cd 

where u;(r) is a periodic function of r (i.e., of the electron’s position) whose 

period is the same as that of the potential in which the electron moves. If the 
7 ad 

fluctuations in potential are not too large, u(r) depends only slightly on &. 

Thus, for the one dimensional case, ¥, is as shown in Figure 10 where 10a 
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Fic. 7. The energy versus wave number diagram for a 
one-dimensional periodic potential. 


shows the wave function of an electron at the bottom of the first Brillouin 
zone, 10b shows the wave function of an electron in the state just above that 
of 10a, 10c shows the wave function of an electron at the top of the first 
Brillouin zone, and 10d is the wave function of an electron at the bottom of 
the second energy band. Thus, using one kind of ‘‘atomic dependence,”’ i.e., 


. 54 e “ ° . ° . 
one kind of u(r), we obtain S different states in the first Brillouin zone; then, 


a 
changing the u(r) to a function having one node rather than none, we go 
through the same procedure to obtain the second band. The method and the 





194 SMOLUCHOWSKI AND KOEHLER 


aaa = Lace — 


NJ 


ado aa 
a oa o60Ola 











Fic. 8. The first four Brillouin zones for a square 
two-dimensional lattice. 
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Fic. 9. The lowest Brillouin zone for various types of crystals 
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Fic. 10. Wave functions for a one-dimensional crystal containing S atoms. 
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result are the same when applied to three dimensions; the important result 
is that each Brillouin zone contains S electronic states where S is the number 
of atoms in the crystal. In conseqsence, since each state can be occupied by 
two electrons, we should expect the first Brillouin zone to be about half filled 
in the case of the monatomic metals and to be completely filled for the 
divalent metals. 

Actually, the statement just made regarding the divalent metals is in 
error. Figure 11 shows some contours of constant energy, 1la near the bot- 
tom, and 11b near the top of the lowest Brillouin zone for the face-centered 
cubic structure. Note that according to 11b, electrons traveling in certain 
diagonal directions achieve an energy discontinuity at energies which are 
lower than those required by electrons traveling along the co-ordinate axes. 








ZONE NEARLY EMPTY (a) (b) ZONE NEARLY FULL 


Fic. 11. Surfaces of constant energy for a face-centered cubic crystal. 


In fact, if the energy gap along the diagonal is small, it may be that the 
state of lowest energy for a divalent metal is not that in which the first 
Brillouin zone is completely filled, but instead occurs when some high energy 
states are left vacant in the first zone and some low energy states are occupied 
in the second energy band. The divalent metals are for the most part 
hexagonal; the lowest Brillouin zone of the hexagonal metals because of its 
asymmetry is well designed to promote such overlapping of bands. We shall 
discuss shortly the experimental consequences of this overlap. 7 

The changes produced by the periodic potential in the Z versus k diagram 
are associated with changes in the energy density versus E curve. Figure 12a 
shows the 6” versus E curve for the case where the zones do not overlap. 
Figure 12b gives the behavior when overlap occurs. In the figures, point a 
occurs when the constant energy surface first touches the Brillouin zone 
surface, point b corresponds to complete filling of the first Brillouin zone, and 
point c represents the bottom of the second Brillouin zone. 
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We must next discuss the motions of the electrons in a metal when an 
electric field is applied. Consider first a two-dimensional metal in zero field. 
Since the occupied states are distributed symmetrically (see Figure 13), the 
metal has no macroscopic electric current flowing. This follows from the 

bet 
fact that for every electron with wave number vector +, there is another 


a 
having wave number vector —k, and the two current contributions cancel. 
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Fic. 12. The density of electronic states, showing the influence of the Brillouin 
zone structure and of the overlapping of zones. 


Now, suppose an electric field is applied in the negative x direction. The 
electrons will be accelerated in the positive x direction, i.e., the occupied 
region in Figure 13 will drift to the dotted position. The drift stops because 
scattering of the electrons by impurities and thermal distortion of the lattice 
introduces a compensating deceleration. The dotted distribution corresponds 
to a metal carrying a macroscopic electric current in the negative x direction 
since there is a preponderance of electrons having R vectors with positive x 
components. 

We are now in a position to distinguish between insulators and conduc- 
tors. It can be shown theoretically that very large fields (of order 10° v. per 
cm.) are required to produce transitions of electrons from one state to 
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another if the energies of the two states differ by more than a few tenths of 
an electron volt (8). If, therefore, we consider a solid containing a com- 
pletely filled Brillouin zone separated from the next higher empty zone by an 
energy gap of a few tenths of an electron volt or more, we would expect the 
solid to be an insulator at ordinary temperatures. This situation is experi- 
mentally observed in the case of diamond, the alkali halides, and other in- 
sulators. The divalent metals are fairly good conductors. This together with 
soft x-ray emission data is evidence for the conclusion that the bands overlap 
in the case of the divalent metals. 
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Fic. 13. The change produced by an electric field in the distribution of 


-—- 
occupied states in k space. 


Let us next discuss the rather anomalous behavior of electrons in the 
vicinity of the top of a band. Consider an electron in a periodic lattice at 
absolute zero. We suppose that this electron is at the bottom of an otherwise 
completely empty Brillouin zone, and we apply a field which accelerates it 
in the positive x direction (see Figure 14). The acceleration proceeds nor- 
mally, and the electronic state occupied by the electron moves steadily to 
the right in Figure 14 until the occupied state passes the inflection point B. 
The state occupied continues to move to the right as time goes on, but the 
velocity of the electron decreases as it moves through the states from B to 
C. The reason for this behavior is as follows: If one considers an electron of 


given k then the position of the electron is very poorly specified; we only 
know that the electron is somewhere in the metal. This is in accord with the 
Heisenberg uncertainty principle. Since current measuring devices depend on 
the change in the position of an electron with time we require that the 
position be specified more exactly. A more suitable description of the motion 
of the electron can be obtained by using a wave packet, i.e., a wave function 
which is a linear combination of many wave functions having slightly 


i 
different k’s. In this case, when we speak of the electronic state occupied by 
the electron, we mean the particular state of highest probability at that 
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instant, although there is a finite probability that the electron has a slightl\ 
—? 

different k. Consider matters when the most probable state is above B; there 

will then be a certain number of states in the packet which have already 

arrived at C and have suffered a Bragg reflection which transfers them to F. 

Moreover, this process becomes more effective the closer the most probable 


state gets to C. Since this process reduces the momentum in the positive x 


direction, it is clear that the velocity of the packet, i.e., the group velocity, 
decreases as the center of the packet moves from B to C. It can in fact be 
shown that the velocity of the center of the packet is (9) 


2 = 


2x OE xV 

h Ok, ° 
It is customary to say that Newton’s second law holds for the acceleration by 
an applied electric field, but to suppose that the mass of the electron depends 


an 
upon k. First, we must show that in a constant electric field along —x, the 
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Fic. 14. Illustrating the effect of electron diffraction on the acceleration of an 
electron near the surface of the Brillouin zone. 


wave number k, increases uniformly with time; then we can discuss the 
effective mass. Since E is a function of k, we have 
. OE 
dE = — dk, 
Ok, 
where dE is the increase in energy during time dt. By conservation of energy, 
the increase in the energy must be equal to the work done by the electric 
field F. Thus, 
dE = — eF?,d. 


Equating the two expressions for d# and substituting from XV for 2, we find 
that 


dk, Qrel: 
dt h 
Thus, k, increases uniformly with time. 
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Next consider the acceleration of the electron. Since the velocity is given 
by the slope of the & versus k, curve, we can follow the behavior as the k, 
component grows using Figure 14. At first the acceleration is normal, but 
then it decreases and goes to zero at the inflection point B. We describe the 
situation by saying that the effective mass m* increases and finally goes to 
infinity at B. When &, goes beyond B, the electron begins to slow down. 
Hence, beyond B the effective mass is negative increasing from minus infinity 
at B to a finite value at C. The accurate expression for the effective mass is 
(10) 


i aemeenabe apie XVII 
? z 


Thus, m* is inversely proportional to the curvature of the E versus k, curve; 
further, m* is negative for an electron in states above B. [For the expression 
valid in three dimensions, see (10).] 

Let us next consider the situation in the case where we are dealing with a 
full band which has then had one electron plucked from it. It can be shown 
that it is unnecessary to consider the motion of all of the electrons; one can 
instead obtain the necessary results by examining the motion of the vacancy 
or “hole’’ as it is called. Such a hole near the top of a full band behaves in 
all respects like a positively charged particle of positive effective mass m* 
where m* is the negative of the result given by XVII (11). 

This concludes our introduction to the basic concepts of the band theory. 
These ideas will now be used to obtain an understanding of the role of elec- 
tron concentration in determining crystal structure. 


RELATION BETWEEN ELECTRONIC AND CRYSTAL STRUCTURE 


One of the most interesting applications of the theory described in the 
first part is the relation between the electronic structure and crystal struc- 
ture of various metals and alloys. Ideally, one would expect to find that the 
theoretically calculated energy would be the lowest for the experimentally 
observed crystal structure. This is indeed often the case, although in many 
instances, the energies obtained for various structures do not differ suffi- 
ciently to allow an unambiguous comparison in view of the numerous ap- 
proximations in the theoretical procedure. 

Pure metals and polymorphism.—One of the first metals for which the 
electronic structure was computed is copper. Fuchs (12) has demonstrated 
that if one applies the Wigner-Seitz method to copper without taking into ac- 
count the large overlap of the ionic cores, there is little difference between the 
calculated energies for a body-centered and a face-centered cubic lattice. 
On the other hand, including the overlap makes the face-centered lattice 
definitely preferred. Also, the calculated compressibility is in good agreement 
with experiment when the ionic overlap is included, while it is wrong without 
overlap. An interesting indication of the amount of overlap can be obtained 
from Figure 15 where the density of the electronic charge is plotted as a 
function of distance from the nucleus in free copper ion. The small vertical 
line indicates the effective ionic radius of the ion in copper metal. 
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A much less satisfactory situation exists for the alkali metals where there 
seems to be little difference between the calculated energies of the close- 
packed and the body-centered lattices (13, 13a). This may be related to the 
fact, recently discovered by Barrett (14), that at low temperatures, the 
usually body-centered alkali metals transform spontaneously to close- 
packed (face-centered cubic or hexagonal) lattices. Undeformed metal 
transforms spontaneously at sufficiently low temperature to a hexagonal 





pin 











Fic. 15. Electron density as a function of radial distance in Cut ion 
{after Hume-Rothery (20)]. 


lattice, while a mechanical deformation at low temperatures transforms it to 
a face-centered cubic lattice. The amount of both transformations is tempera- 
ture dependent, as shown in Figure 16 for an alloy of lithium and 4.58 atom 
per cent magnesium. The spontaneous transformation occurs to the hexag- 
onal rather than to the cubic close-packed lattice, presumably because the 
first involves less lattice strain as estimated by Smoluchowski [discussion to 
paper by Barrett & Trautz (14)]. 

Another case of polymorphism where a certain theoretical understanding 
is available is iron and its binary alloys. As is well known, a-iron is body- 
centered cubic up to the melting point except for a short range of tempera- 
tures between 906° and 1,410°C. where it is face-centered cubic y-iron. As 
pointed out by Seitz (15), the lower transition temperature is accounted for 
by the higher lattice specific heat (lower Debye characteristic temperature) 
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of the face-centered phase at low temperatures because the higher the 
specific heat, the lower the free energy as can be seen from the formula 


T T Cy 
F=A-— f ( f ar) dT XVIII 
0 » 


where C, is the specific heat, A is a constant, and F is the free energy. The 
upper transition temperature, on the other hand, occurs as a result of the 
rapidly increasing electronic specific heat of the a-phase which is to be added 
to the specific heat of the lattice. The electronic specific heat of transition 
elements is expected to be large since they have incompletely filled 3d-shells 
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Fic. 16. Transformation of a lithium magnesium alloy at low temperatures 
[after Barrett & Trautz (14)]. 


with a high density of electrons on the Fermi surface, which can be thermally 
excited. 

Smoluchowski (16) has indicated that the above interpretation together 
with certain plausible assumptions about the band structure of iron permits 
the understanding of the influence of alloying elements on polymorphism of 
iron. The essential assumption is that the more electrons there are in the 
3d-band, the larger is the ratio of the density of electronic levels in y-iron 
to that in a@-iron where both densities are taken at the top of the filled region 
in the 3d-band. This assumption is plausible for various reasons, although 
the present accuracy of the theoretical calculations is not sufficient to give 
a definite answer. The argument is as follows: By adding an alloying element 
to iron which lowers the number of electrons in the 3d-band, the specific 
heat of a-iron will be increased and its free energy lowered with respect to 
the free energy of y-iron (see Figures 17 and 18). Thus, the y-phase will be 
less stable and with increasing content of the added element, it will entirely 
disappear. The opposite will happen when the added element increases the 











202 SMOLUCHOWSKI AND KOEHLER 














E A . E + % 
™ / 
n(E) n(E) 
a-iron y-iron 


3d- band in iron 


“1G. 17. The n(E) curve in alpha- and gamma-iron. 
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number of electrons in the 3d-band: The y-phase will become more stable 
and will exist over an increasingly wider range of temperatures (see Figure 
19). If we assume that only the number of electrons in the outer shells of the 
alloying element determines whether it increases or decreases the number of 
electrons in the 3d-band of iron, then there should exist an obvious relation 
to its position in the periodic system. This conclusion seems to be in excellent 
agreement with experimental data (see Figure 20) as was observed some 
time ago by Wever (17). 

The few exceptions are mostly interstitial alloys to which the theory 
would not apply and special cases, like manganese which increases the 
stability of y-phase although it has fewer 3d electrons than iron. The case 
of manganese is particularly interesting because it points out the limitation 
of the assumption that only the number of electrons in the outer shells of 
the alloying element plays a role. By comparing the excitation potentials 
and optical levels of atomic iron and manganese, it can be shown that in the 
metallic state, the 3d-electrons of manganese are in levels which have higher 
energy than the electrons in the 3d-band in iron. Thus, the manganese elec 


Energy 
A 








| 
; = 
A, A, . 


Fic. 18. Free energy of alpha- and gamma-iron as a function of temperature. 
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Fic. 19. Iron-chromium and iron-nickel phase diagrams. 


trons, although fewer in number, will prefer to be in the proximity of iron 
ions, increasing the effective number of electrons in the 3d-band in iron and 
increasing the stability of the y-phase in accord with experiment. The 
anomalous role of manganese is thus related to the known stability of half- 
3d-shell as seen in Figure 21. The upper part of that diagram shows the 
difference between the energy of the atom which has one electron in the 4s- 
level (the number of electrons in the metallic 4s-band is actually around 0.65) 
and its ground state; the lower part of the diagram shows the number of 3d- 
electrons. 
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Fic. 20. Influence of elements on polymorphism of iron. 


Limits of solubility and structure of alloy phases.—In the previous section 
we considered the influence of temperature on phase transitions as related 
to the behavior of electrons. Here we shall deal with the crystalline structure 
of alloys as a function of electron concentration. The basic relation between 
electron concentration and crystal structure is related to the manner in which 
the Brillouin zones are filled up. To illustrate this, let us consider a face- 
centered cubic lattice, i.e., copper. Figure 11 indicates the approximate 
conditions which exist in its first Brillouin zone which is half full. For small 
values of k, the Fermi surface is nearly spherical, and so the density n(k) in- 
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Fic. 21. The (4s)! state of transition elements relative to their ground stat 
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as indicated in Figure 22. With increasing k (and E), this dependence is 
approximately obeyed until the Fermi surface reaches the zone boundary at 
E=E,. lf the energy gap at the zone boundary is big enough to prevent an 
overlap of the Fermi surface into the second zone, then with E increasing 
above E>» the new states will be found only in the remaining parts of the 
first zone. Thus, the density m(£) will drop until either the zone is completely 
filled up or until the increase of energy is sufficient to start occupying the 
second zone. Therefore, the curve n(£) reaches a maximum for E= E, which 
corresponds to the Fermi surface touching the zone boundary. It is clear that 
the more nearly spherical the first Brillouin zone is, the sharper will be the 
drop of n(£) after it reaches the maximum. Calculations show that at 
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Fic. 22. Typical n(£) curve for a Brillouin zone. 


energies just below that required to make the Fermi surface touch the zone 
boundary the equienergy surface is distorted from the spherical shape in 
such a way that it more nearly approximates the shape of the zone (E ceases 
to be proportional to k? and at the boundary itself 0E/dk vanishes). Qualita- 
tively, since such a surface has a larger area than a sphere of equal average 
radius, it is clear that the density of states is larger than that predicted by 
the calculation for free electrons; hence, the peak near Ey. From the shape 
of the n(£) curve in Figure 22, it follows that 1/n(£), which is proportional 
to the increase of the energy of the Fermi surface per added electron, as a 
function of the number of electrons N already present has a minimum for 
N=f,"tn(E)dE and thereafter increases sharply with increasing N. 

It appears, thus, (a) that an increase of the total number of electrons in a 
zone beyond the stage when the Fermi surface touches the zone boundary is 
energetically not favorable and (b) that for a given number of electrons avail- 
able that crystal structure will be energetically favored for which the 
Brillouin zone is nearest to the Fermi surface. These conclusions are partic- 
ularly trustworthy when the Brillouin zone is a polyhedron which closely 
approximates a sphere and when the energy gap at the zone boundary is 
large. 


In order to apply the above considerations, we need to make the rather 
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questionable assumption that the band structure, and the n(£) versus E 
curve, as calculated for a pure metal is not changed when a solid solution is 
formed. In other words, we assume that, for instance, adding zinc to copper 
affects only the total number of electrons in the 4s band. On this basis, 
Jones (18) treated the various copper-zine alloys by calculating the n(£) 
versus / curves for a face-centered cubic and for a body-centered cubic 
lattice as shown in Figure 23. It is easily seen that n(£) reaches a maximum 
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Fic. 23. The n(Z) curves for face-centered cubic and body-centered cubic brass 
{after Jones (18)]. 


for a face-centered lattice earlier than for the body-centered lattice. In 
copper, the various zones overlap, and so n(£) does not drop to zero at the 
top of the first zone but shows numerous maxima and minima corresponding 
to the various higher zones. It is clear that starting with pure copper, which 
is face-centered cubic, the lattice will remain unchanged with the addition 
of zinc (i.e., with addition of one extra 4s-electron per each added atom of 
zinc) until the maximum is reached. Then the face-centered lattice will 
gradually become less stable while the body-centered lattice will gradually 
become more favorable. It is easy to calculate the electron concentration at 
which the first peaks in the m(Z£) curves occur: For a face-centered lattice, 
the zone boundary nearest to the center (k=0) is that due to electron re- 
flection on the {111} planes, thus 

h __ 240 _ 


mo ™ Vh? + k? +P ; 
When ap is the lattice constant, Pmaz = (h/2a0)+/3 which, substituted into 
h 3n \2/8 1 
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gives for n, the number of free electrons per unit cell (ao*), the value of 5.42 
or 1.36 electrons per atom. Similarly, for the body-centered lattice (reflection 
on {110} planes) one obtains a concentration 1.48 electrons per atom at the 
peak. These two values correspond to 36 and 48 atomic per cent zinc, re- 
spectively, and one expects the phase boundaries to occur between these two 
values. This is in excellent agreement with experiment as shown in Figure 24. 
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Fic. 24. Copper-zine diagram. 


This agreement is, of course, to be expected only if other factors limiting the 
existence of solid solutions such as size factors, electronegativity, etc., do 
not play an important role. If instead of zinc a trivalent element, such as 
gallium, is added to copper, then the calculated atomic concentrations are 
correspondingly lower, that is, 18 and 24, again in good agreement with ex- 
periment. 

The above considerations apply, strictly speaking, only at absolute 
zero. With increasing temperature the distribution of electrons near the 
Fermi surface changes and the relative stability of the various crystal struc- 
tures can be altered. Jones (18) was able to make an explicit calculation of 
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the dependence on temperature of the boundary between the face-centered 
and body-centered brass and also to calculate the width of the two-phase 
field in good agreement with experiment. It should be stressed again that one 
can only expect such excellent agreement when the stability of the various 
phases is controlled predominantly by electronic factors. In most alloys, the 
situation is usually much more complicated and many other factors should 
be taken into consideration. 

-Brass.—Another success of the theory developed above is the explana- 
tion of the surprisingly large stability of the well-known y-structure. This 
structure, which exists in almost 20 alloy systems, was first analysed in y- 
brass. It is quite complicated, since the unit cell contains 52 atoms of copper 
and zinc in the ratio corresponding to formula CusZng. The best way to 
describe it is to imagine a large cube made out of 27 body-centered unit cells 
and then to remove the central atom and the corner atom, letting the re- 
maining 52 atoms adjust their positions slightly. The number of electrons 
per unit cell is thus 84 or 21 electrons per 13 atoms. 

From an x-ray study of this alloy, we know that the x-ray reflections due 
to {411} and {330} planes are particularly strong. We conclude, therefore, 
that the energy gaps at the corresponding Brillouin zone boundaries will be 
large in accord with the previously mentioned fact that the energy gaps and 
the intensities of x-ray reflections depend upon the same structure factors. 
The spacing between the {411} planes is the same as between the {330} 
planes, and as a result the Brillouin zone will be bounded by a 36-sided 
polyhedron well approximating a sphere. For these reasons, we would expect 
in the plot of m(£) versus E a very pronounced maximum followed by a rapid 
drop. According to our previous discussion, these conditions make it 
plausible to expect that a phase containing just enough electrons to fill out a 
Fermi surface which would be tangent to the {411} and {330} zone bound- 
aries would be particularly stable. A calculation similar to that made for the 
face-centered and body-centered brass indicates that this occurs for 80 elec- 
trons in the unit cell, which is in reasonable agreement with the expected 84. 
To be sure, in the case of y-type alloys, the electron concentration factor 
alone is certainly not sufficient to explain the actual exact ratio 21 electrons 
per 13 atoms. Various properties of that phase, such as an ordered distribu- 
tion of the two kinds of atoms, brittleness, range of existence, etc., indicate 
that in this case other factors such as a tendency to form a directed valence 
bond may play a role. 

It should be noted here that Pauling (19), using his ‘‘bonding orbitals” in 
transition metals, in similar stability considerations arrived at entirely 
different Brillouin zones. For instance, for the y-phase, he obtains a Brillouin 
zone made out of {600} and {422} planes which contains 255.6 electrons per 
unit cell. The apparent advantage of this calculation is a somewhat better 
filling up of the Brillouin zone. However, the lack of exact knowledge of the 
band structure of that alloy makes this agreement less significant and does 
not seem to justify the use of the proposed ‘‘metallic valencies’’ (5.44 for 
copper and 4.44 for zinc) instead of the usual number of 4s-electrons. 
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Fic. 25. Aluminum-silver and aluminum-zinc diagram 
[after Raynor & Wakeman (21)]. 
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Aluminum alloys.—An interesting observation pertaining to binary 
aluminum alloys has been made by Hume-Rothery (20) and by Raynor & 
Wakeman (21). Recent accurate work by the last-named authors on the 
aluminum-silver system makes it possible to compare it with the well-known 
aluminum-zinc system as shown in Figure 25. In the aluminum-zine system, 
we encounter the unusual two-phase region, a+a’, made out of two com- 
positions of the same solid solution; in the aluminum-silver system, we have 
a very unusual solvus line. A plot against electron concentration (Figure 26) 
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Fic. 26. Aluminum-silver and aluminum-zinc diagrams plotted against electron 
concentration [after Raynor & Wakeman (21)]. 


together with a schematic diagram shown in Figure 27 seems to indicate that 
both these peculiar anomalies have a similar origin and occur at an electron 
concentration of 2.7 electrons per atom. Hume-Rothery has previously 
attempted to explain the situation in the aluminum-zinc system by using 
the n(E) versus E curve as calculated for copper and showing that at this 
concentration, an irregularity in the free energy versus composition curve 
might be expected. The recent work of Matyas (22) on the bands of alumi- 
num itself indicates, however, that this conclusion is not obvious, although 
the n(E£) curve does show a pronounced break at the right electron con- 
centration (point B in Figure 28). It should be borne in mind that the 
phenomena here described depend on rather fine details of the band calcula- 
tion, and the conclusions may, therefore, be influenced by the particular 
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numerical and theoretical approximations used. In that respect, the situa- 
tion is similar to that of the binary iron alloys which were discussed earlier. 

Alloys of aluminum with transition elements—Probably the most striking 
recent work in the field of the relationship between electronic structure, 
Brillouin zones, and crystal structure is that by Raynor and co-workers (23) 
on ternary and quaternary aluminum alloys. The problem of alloys of transi- 
tion elements with monovalent, divalent, and trivalent metals is a partic- 
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Fic. 27. Schematic presentation of Figure 26. 


ularly interesting one since the theoretical calculation of the electronic con- 
centration involves the very basic question of the number of electrons 
available or missing in the shells of transition elements. The latter, in turn, 
are related to such fundamental phenomena as Hall effect, ferromagnetism, 
etc. Raynor’s results indicate that the role of transition elements when al- 
loyed with aluminum is to accept electrons into their incomplete shells in 
accord with the expected number of ‘“‘holes’’ in the partially filled bands. 
This number can be estimated either in terms of band theory or on the basis 
of Pauling’s postulates (19). The first theory assumes that all transition ele- 
ments in metallic state have about 0.65 electron per atom in their 4s-band 
and the remaining electrons present in the atomic 4s-state, together with the 
3d-electrons, fill partially the 3d-band. Pauling’s theory concerns the number 
of “bonding orbitals’ and of ‘‘atomic orbitals’’ which are assumed to be 
vacant in the transition metals. Both points of view predict a similar number 
of vacancies in the 3d-band (or 3d-‘‘orbitals’’): chromium 4.65, manganese 
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3.65, iron 2.65, cobalt 1.65, and nickel 0.65; Pauling’s estimates are 4.66, 
3.66, 2.66, 1.71 and 0.61, respectively. 

Raynor & Pfeil (23) have arrived at the conclusion that, since the number 
of 3d-holes decreases by one in going from iron to cobalt and also in going 
from cobalt to nickel, the aluminum-iron-nickel diagram at 600°C. can be 
considered to be built up of an aluminum-iron-cobalt diagram and an 
aluminum-cobalt-nickel diagram as illustrated in Figures 29 and 30. For 
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Fic. 28. The n(£) curve for aluminum [after Matyas (22)]. 


instance, the FeNiAl, compound is isomorphous with the CozAly compound 
in accord with the expectation that two cobalt atoms have as many vacancies 
in the 3d-shell and can absorb as many electrons from aluminum as an 
iron and a nickel atom together. In other words, the electron per atom con- 
centration in both these compounds is the same. Further, the various 
solubility limits are clearly very similar in the two diagrams in accord with 
the role of the electron concentration and the range of tolerance of deviation 
from the stoichiometric composition. Both compounds CopAlg and (FeNi)2Als 
tolerate an increase of electron concentration from 2.125 to 2.28. However, 
only Coe,Aly can stand a depletion down to 2.06 electrons per atom. This 
dependence of the lower limit upon the nature of substitution in the ideal 
composition indicates the existence of another factor besides the electron 
concentration. However, the latter undoubtedly plays the preponderant 
role. 
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Fic. 29. Aluminum-nickel-cobalt and aluminum-cobalt-iron diagram 
[after Raynor & Pfeil (23)]. 


The Brillouin zone for the monoclinic Co,Aly has been determined by 
Raynor & Waldron (23) on the basis of the x-ray work of Douglas (24). The 
strong x-ray reflections indicate that the important zone is bounded by 
planes shown in Figure 31, and the Fermi surface which corresponds to the 
required electron concentration 2.125 fits very well as a sphere inscribed into 
that zone. The range of stability of the compound or variability of the elec- 
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Fic. 30. Aluminum-iron-nickel diagram [after Raynor & Pfeil (23)]. 





role. 


214 SMOLUCHOWSKI AND KOEHLER 
tron concentration indicated above agrees very well with the range of radii 
of the inscribed spheres which touch the various planes as shown in Figure 
32. 
CONCLUSION 

The application of quantum mechanics to periodic crystalline lattices 
leads to the notion of band structure and to Brillouin zones. In metals where 
most of the properties depend upon the behavior of the ‘‘free’’ outside 


k. 


onW«ecrr”" 
he 


a 
3 


S - 


32 
é 
r 


~ 


hy // 


Fic. 31. Brillouin zone for CogAlg [after Raynor & Waldron (23)}: 


electrons, for which these theories are particularly suitable, the theoretical 
conclusions are in good agreement with experiments. Especially the prop- 
erties and crystal structure of those solid solutions in which the change of 
composition results primarily in a change of the average electron concentra- 
tion are well understandable. 

This success of the band theory should not overshadow its limitations. 


There are numerous examples of metallic phenomena which have to be 
treated by the ‘“‘atomic approximation” rather than by band theory. A 
typical example is provided by theories of ferromagnetism. Some of them 
are understandable in terms of band theory, others need an atomic approach. 
For instance, it has been shown recently (25) that in the field of saturation 
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Fic. 32. Filling up of the zone in Figure 31. 


magnetization of alloys and related phenomena, a combination of both 
theories leads to a much better agreement with experiment than a strict 
band theory interpretation. Briefly, it seems that the conventional band 
point of view in which the average electron concentration of an alloy and the 
average n(£) are used to calculatea physical property has to be modified by 
taking into account the actual electronic configuration in the proximity of a 
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given atom and then statistically averaging over the whole crystal. A more 
rigorous interpolation between the atomic and the band point of view is 
undoubtedly the proper way towards a better understanding of crystalline 
properties. 
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EXPERIMENTAL MOLECULAR STRUCTURE! 
By W. L. Rotu 


General Electric Research Laboratory, Schenectady, New York 


The principal sources. of information about the structure of molecules 
in the free state are electron diffraction of gases, spectroscopy in the infrared, 
Raman and microwave regions, and x-ray diffraction of crystals. The past 
year has seen a continuation of the trends noted in the previous review by 
Beach (1). The general structural principles for most small molecules are 
reasonably well understood, and interest now is directed toward the under- 
standing of variations of bond distances and angles in different molecules 
and the study of more complicated systems, such as larger molecules and 
the nature of intramolecular motions. 

The advances in experimental technique in electron and x-ray diffraction 
and the striking interpretations of pure rotational spectra in the microwave 
region are beginning to provide a body of information relating to interatomic 
parameters where the distances are reliable to 0.01 A or better and the angles 
reliable to 30’. Some success is obtained in accounting for the observed inter- 
atomic distances by modifying the sum of the covalent radii (14) with cor- 
rections for ionic or multiple bond character (18), but it is apparent that 
there is a need for precise data from a largernumberof molecules. Accordingly, 
much of the work at the present time is concerned with improving experi- 
mental techniques or with redetermining the structures of many molecules 
by the newer methods. 

Electron diffraction.—The need for the determination of a larger number 
of parameters has led many workers in the field of electron diffraction to 
search for increased sensitivity and objectivity. The early electron diffraction 
investigations were accomplished by the visual correlation technique, where 
calculated intensity patterns based on assumed models were compared with 
the visually observed diffraction pattern. As the complexity of the molecules 
studied increased and it became necessary to determine a larger number of 
parameters, it became increasingly difficult to arrive at a unique model. 
At the present time, many molecules are being reinvestigated and extensive 
work is being done to increase the accuracy and sensitivity of the experimen- 
tal techniques. 

Recent papers by the Karles (2, 3, 4) and Hastings & Bauer (5, 8) con- 
tain detailed discussions of the effects of various experimental factors on the 
diffraction patterns: the proper design of a gas nozzle for introducing the 
sample into the electron beam, the effect of finite sample size and divergence 
of the beam, multiple scattering, the use of beam stops and rotating sectors, 
and the response characteristics of photographic emulsions. 


1 This review is a continuation of that of Beach (1) and covers approximately the 
year 1950. 
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A series of papers by Karle & Karle (2, 3, 4) outline the theory, method, 
and some results of their development of an objective procedure for the 
analysis of electron diffraction patterns with the use of a rotating sector. 
The ultimate aim of their method is the development of a procedure for the 
accurate recording and interpretation of intensity patterns without recourse 
to visual interpretation. In this way, they hope to eliminate all subjective 
factors in the analysis. The diffraction patterns are obtained with a rotating 
sector to produce an intensity range which can be accurately microphotom- 
etered. (The range of intensity on unsectored photographs is about 10,000 
to 1.) For precision scanning with a microphotometer, the photographic 
plate is rotated rapidly about the center of the diffraction pattern. Even with 
the use of a sector, it is possible to introduce a subjective factor in the draw- 
ing of the background line that is used to reduce the total intensity curve to 
the molecular scattering curve. A procedure is described for objectively 
arriving at the background by a method of successive approximations based 
on the criterion that the proper background line will yield a molecular scat- 
tering curve whose Fourier inversion (the radial distribution curve) is every- 
where positive. The rather extensive calculations are facilitated by use of 
IBM punch card methods (6). 

The radial distribution curve is a composite function containing all the 
interatomic vectors. It is necessary, therefore, to decompose the composite 
peaks into individual peaks, one for each interatomic distance. This factoring 
is accomplished by assuming that each peak is Gaussian in shape and that 
the product of the area under the peak into the equilibrium distance is 
proportional to the scattering powers of the atoms involved. Further, from 
the parameter defining the Gaussian peak, the mean square amplitude of 
vibration of the atoms may be deduced. 

The foregoing procedure, which attempts to extract a considerable body 
of information from the radial distribution curve, places great priority on 
the accurate measurement of the electron diffraction pattern. The method 
first was applied to two relatively simple molecules, carbon tetrachloride and 
carbon dioxide (2), in which the peaks in the radial distribution function 
were well separated. The Karles recently have analyzed two somewhat 
complicated molecules, CH2CF2 and CF2CF: (4), to test whether the com- 
posite peaks in the radial distribution curve could be accurately factored into 
the component peaks. Difluoroethylene has been studied by microwave 
spectroscopy (7) and thus provides an independent check on the method. 
The experimental results are discussed in a later section. 

Hastings & Bauer (8) also have discussed the determination of intensities 
with the use of a rotating sector and microphotometer and give comparisons 
of the results obtained with and without sectors, as well as comparison with 
the visual correlation technique. Their procedures were applied to the deter- 
mination of the structures of neopentyl chloride and siliconeopenty] chloride. 
It was concluded that the sector technique is the only reliable way to obtain 
accurate intensity data with photographic detection but that the visual 
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technique is capable of revealing considerably more detail in the pattern. 
As a result, these authors prefer to base their analyses on a combination of 
the visual and photometric procedures. 

It should be noted that, though many laboratories engaged in electron 
diffraction are using or developing some modification of a rotating sector 
technique, Schomaker and colleagues are continuing to use visual interpreta- 
tion methods with a high degree of success. The structures of NF3, Cl.0, 
ClO., HCO2.H, CH3;CO2CH3, and HCO2.CH:CI reported this year were solved 
with the visual technique. 


MICROWAVE SPECTROSCOPY 


The measurement of pure rotational spectra in the microwave region 
continues to supply accurate information on molecular moments of inertia 
from which interatomic distances and bond angles can be inferred for mole- 
cules possessing an appreciable dipole moment. The rapidly growing list 
of molecules which have been studied still consists almost entirely of linear 
and symmetric top molecules. For the most part, the microwave data con- 
firm and extend the previous results obtained with electron diffraction. For 
the first time, reliable values for interatomic distances and bond angles 
involving hydrogen are being obtained. 

Some care must be used in evaluating the accuracy of the microwave 
results.” The frequencies of the rotational transitions in the microwave range 
can be measured with very high precision; indeed, the effective rotational 
constants may be obtained to an accuracy greater than the uncertainty in 
the value of Planck’s constant which must be used in order to obtain struc- 
tural information from these data. There are, however, more serious limita- 
tions to the deduction of structural information from these rotational con- 
stants. 

Such a constant is essentially the reciprocal of a moment of inertia, 
averaged over the vibrational state of the molecule, usually the ground state. 
Even if the vibrational potential were quadratic, this constant would not be 
the same as the reciprocal moment of inertia computed from the average 
bond distance. Actually, the vibrations are anharmonic, which introduces 
a further complication. There are other difficulties of a minor nature, such 
as the centrifugal stretching of the molecule. A technique often used is that 
of isotopic substitution. Here a further complication is introduced, for the 
amplitudes of the zero-point vibrations will be different for the various iso- 
topic masses in a way which depends on the anharmonicity. 

Since the information available here for structural analysis consists, 
usually, only of moments of inertia, of which at most three are obtainable 
per molecule, it can be seen that the isotope substitution technique with its 
concomitant uncertainty has to be employed extensively to solve completely 


2 I am indebted to Dr. J. K. Bragg for helpful discussions concerning the reliabil- 
ity of data deduced from microwave spectroscopy. 
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a polyatomic molecule of any but the highest symmetry. Uncertainties so 
introduced are generally small, but may amount in special cases to as much 
as 1 per cent. 

There is a further source of uncertainty in some current microwave 
structures. In many cases, the number of measured rotational constants has 
been insufficient for a complete structural determination. Certain bond dis- 
tances and angles are then assumed, allowing the calculation of other param- 
eters with an accuracy dependent on that of the assumptions. It is un- 
fortunate that workers in the field have not often indicated how sensitive 
the calculated bond lengths and angles are to errors in the assumed ones. 


STRUCTURES 


A complete tabulation of the structural parameters of molecules studied 
by electron diffraction is given in the review of Allen & Sutton (9). The listing 
is complete through September, 1949, and also contains a number of studies 
contributed as private communications prior to publication. 

Inorganic fluorides—nitrogen trifluoride—The structure of NF; is of 
interest because very few known molecules containing N—F bonds are known. 
The small dipole moment (0.2 X 10-8 e.s.u. compared with 1.46 X10-* e.s.u. 
for ammonia) has been taken to indicate that the nitrogen trifluoride mole- 
cule is nearly planar (10). An infrared investigation (11) suggested that the 
molecule was a flat pyramid with bond angle greater than 110°. A recent 
electron diffraction study by Schomaker & Lu (12) reports a pyramidal 
structure with the N—F distance 1.37 + 0.02 A, the F—N—F angle 102.5 +1.5° 
and the nonbonded F . . . F distance, 2.14 A. Sheridan & Gordy have meas- 
ured the microwave spectra of N“F; and NF; and find the NF distance 
1.371 Aand FNF angle 102° 9’ (13). The less than tetrahedral bond angle is 
comparable to those found for other fifth group halides (14) and for fluorine 
oxide (15). Schomaker & Lu suggest that the small dipole moment of NF; 
results from a fortuitous cancellation of the expected moment due to the 
ionic character of the bonds by an opposed moment, resulting from the im- 
perfect balancing of the negative charge on the back side of the nitrogen atom. 
The charge distribution hypothesis is used to explain the larger bond angles 
observed when oxygen or nitrogen is singly bonded to less electronegative 
atoms, such as carbon or hydrogen. The NF bond distance is the same as 
that given by the Schomaker & Stevenson radii, corrected for difference in 
electronegativity (18). Sheridan & Gordy have proposed to redetermine the 
dipole moment of NF3. 

Phosphorus and arsenic trifluoride—The microwave spectra of PFs; (16) 
and AsF; (17) have been measured. Complete structure determinations have 
not been made, but assuming the FPF angle 104°, the PF distance is 1.546 A, 
and assuming the FAsF angle 100°, the AsF distance is 1.712 A. 

Fluorine oxide-—The results of an analysis of the infrared spectrum of 
F,O (15) has been used in conjunction with the earlier electron diffraction 
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results of Maxwell (19) to refine the molecular parameters. The revised values 
give the O—F distance 1.38+0.03 A and the FOF angle 101.5 +1.5°. 

Iodine fluorides —There has been some question whether the structure 
of IF; is a trigonal bipyramid (symmetry D3,) or a tetragonal pyramid 
(Cgy) (20, 21). A recent investigation (22) of the Raman and infrared spectra 
indicates that IF; is a tetragonal pyramid, and IF; probably a pentagonal 
bipyramid (Ds). 

Hydrogen and bromine fluoride.—Analysis of the microwave spectrum 














TABLE I 
CH.CF; 
r, A [P}i.. A 
C—F 1.321+a 0.042 +0.005 bs +0.026 
L~< 1.311+40.035 a= —0.015b/0.026 
c—F 2.335 +0.009 0.060+d c=3b/0.026 
F—F 2.162+b 0.060+d d=0.01b/0.026 +0.003 
C—H 1.07 +0.02 
C—H 2.06 +0.04 
H—F 2.61 +0.05 
H—F 3.29 +0.03 
ZFCF 110°+c 
ZHCH ise" 
. CF2CF2 . 
r,A [?]iv. A 
C—F 1.313+0.010 0.056 +0.005 
Cc—C 1.313+0.035 
C—F 2.306+0.014 0.087 +0.01 
F—F 2.204+0.022 0.095 +0.01 
F—F 2.737 40.029 0.090 +0.01 
F—F 3.515+0.011 0.114+0.01 


ZFCF 114° +2° 





gives the Br—F distance 1.759 A (23); infrared investigations report the H-F 
distance 0.9170 A (24, 25). 

Fluorocarbons.—The investigation of CH2CF., and CF.CF: has been 
mentioned with reference to the Karles’ extension of the radial distribution 
method for electron diffraction analysis (4). Their results for the equilibrium 
distances and mean square amplitudes of vibration are given in Table I. 
The interatomic distances found for CH2CF2 agree very well with those 
computed from the microwave spectrum. The spectroscopic values reported 
by Roberts & Edgell (7) give the C—F distance 1.32 A, the C=C distance 
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1.31 A, the C—H distance 1.07 A, and the FCF and HCH angles 110°. 
The method used for indicating the limits of uncertainty of the electron dif- 
fraction data illustrates the fact that these uncertainties are not always 
independent. The mean amplitudes of vibration [/*]ay.! refer to the projection 
of the motion on the line joining the atoms. The magnitudes of the ampli- 
tudes appear reasonable, and the results give promise that it may prove 
possible to obtain detailed information about the intramolecular motions 
in complex molecules. As more data of this type become available, it will be 
of interest to compare the results with the force constants determined from 
spectroscopic studies. The electron diffraction data were not able to limit 
with certainty the amplitude of oscillation about the carbon-carbon axis. 
For CH.CF», the oscillation is probably less than 60°, and there is a possible 
bending deviation from coplanarity up to 20°; the corresponding oscillation 
in CF,CF, was limited to 30°, and the bending to 25°. 

The microwave spectra of fluoromethane and several trifluoromethane 
derivatives have been measured. A complete structure determination of 
CH:;F was accomplished by combining the microwave data (16) with earlier 
infrared measurements (31). Complete structural data are not available for 
the trifluoro-derivatives, and the interatomic distances were calculated by 
assuming all the angles tetrahedral. In CH;F, the CH distance is 1.109 A, 
the CF distance 1.385 A, and HCH angle 110° 0’. The preliminary results 
for CF3H (16, 27), CF;Ci (28), CFsBr (29, 30), CFsI (29), and CF;CN (29) 
indicate a carbon-fluorine distance in each of the molecules of about 1.32 A 
and the C—Cl distance 1.76 A, CBr distance 1.94 A, CI distance 2.16 A, 
and C—CN distance 1.49 A. There is some question about the assumption 
of tetrahedral angles in the trifluoro derivatives in view of the results ob- 
tained from the microwave spectrum of CHCl; which report the CICCI angle 
of 112° 0’+40’ (82). 

Cyclobutane is a planar molecule with the symmetry D4, (33). Spectro- 
scopic data have been interpreted to favor a planar configuration also for 
octafluorocyclobutane (34, 35), although recent work has cast some doubt 
on the earlier conclusions (36). Preliminary results from an electron diffrac- 
tion study report that the molecule is not planar, and the distortion is at- 
tributed to repulsions between the fluorine atoms attached to adjacent 
carbon atoms (32). The CF distance is reported to be 1.31 to 1.34 A, the CC 
distance 1.57 to 1.62 A, the FCF angle 107 to 112°, and the angle between 
planes which bisect opposite CF2 groups, 157 to 163°. The C—C distance of 
1.57 to 1.62 A is surprisingly large compared with the usual value of 1.54 A. 
These results, and previous studies of hexafluoropropene (37, 38), indi- 
cate that the closest approach of two fluorine atoms is about 2.70 A, twice 
the accepted van der Waal radius for fluorine. Additional evidence for strains 
induced by repulsions between fluorine atoms is found in the electron dif- 
fraction study of dodecafluorocyclohexane and decafluorocyclopentane 
(39), where it was found that agreement with the radial distribution curves 
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could be improved by slight distortions. A similar conclusion is indicated 
in a preliminary report of a crystal structure investigation of octachlorocyclo- 
butane (26), where it is found that the cyclobutane ring is considerably 
puckered. 

Silane derivatives——Complete structures for the symmetrical top mole- 
cules chlorosilane (40, 41) and bromosilane (42) have been deduced from 
their microwave spectra. In SiH3Cl, the SiH distance is reported to be 1.50 A, 
the SiCI distance 2.048 A, and the HSiH angle 110° 57’; in SiHsBr, the 
SiH distance is 1.57 A, the SiBr distance 2.209 A, and the HSiH angle 111°20’. 
The silicon-halogen distances are all shorter than the sum of the covalent 
radii and the silicon-hydrogen distances are longer, indicating considerable 
ionic or double bond character to the SiX bond. This is consistent with the 
fact that the angles are appreciably greater than the nominal tetrahedral 
values. The microwave spectra of SiH3F (43), SiFs;H (44), SiF;CHs (44), 
SiF;Cl (44), and SiF;Br (44) have been obtained, but isotopic data are not 
available. If the FSiF angles in the trifluorosilanes are assumed to be tetra- 
hedral, the SiF distance is 1.55 A, the SiCI distance 2.00 A, the SiBr distance 
2.16 A, and the SiC distance 1.88 A. In fluorosilane, the HSiH angle was 
assumed to be 111°, leading to the conclusion that the SiH distance is 1.50 A 
and the SiF distance is 1.59 A. 

Yamasaki et al. have made an electron diffraction study of the various 
methyl bromosilanes (45): CH;SiBrs, (CH3)2SiBre, and (CH3)3SiBr. They 
report the SiBr distances 2.17 to 2.21 A and the SiC distance 1.92 +0.06 A. 
The CSiBr angle in trimethyl bromosilane is 105 + 4°, considerably less than 
tetrahedral. This is consistent with the larger than tetrahedral HSiH angle 
of 111° 20’ reported for SiH;Br (42). 

An early electron diffraction study of Cl;SiSiCls; reported a staggered 
configuration of the chlorine atoms about the Si—Si axis (83). A more recent 
investigation indicated nearly free rotation about the Si—Si axis (84). 
Raman spectra observations had been unable to decide between the stag- 
gered (D3qa) or free rotation (D3,’) configurations (85). A recent investigation 
(124) of the Raman spectrum leads to the conclusion that the chlorine atoms 
must be either in the eclipsed form or freely rotating. Since both of the elec- 
tron diffraction studies rule out the eclipsed form, it is concluded that the 
chlorine atoms in C1;SiSiCl3; rotate nearly freely about the Si—Si axis. 
Free rotation is not observed in hexachloroethane (125) presumably because 
of the greater steric effects resulting from the shorter CCl bonds. 

The electron diffraction investigations of neopentyl chloride and sili- 
coneopentyl chloride were mentioned previously with regard to the de- 
velopment by Hastings & Bauer of the sector technique (8). The best values 
for the interatomic distances and angles in (CH3)3SiCH;2Cl are CSi distance 
1.88 +0.04 A, CC1 1.73 +0.03 A, and all angles 109.5 + 2°. The corresponding 
bond distances for neopentyl chloride are CCl 174+0.04 A, Cc—C (methyl) 
1.58+0.04 A, and the other C—C distance 1.54+0.03 A. Both molecules 
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have a staggered configuration, and there appeared to be in siliconeopenty] 
chloride large intramolecular motions and a low barrier for free rotation 
about the C—Si bond. 

Siloxanes——The structure of hexachlorodisiloxane Cl;SiOSiCl; (46), 
hexamethyldisiloxane, (CHs3)3SiOSi(CH3)3 (46), tetramethylorthosilicate 
(CH;0),Si (46), and hexamethylcyclotrisiloxane [(CHs3)2SiO]; (47) have been 
determined by electron diffraction. The silicon bond angles are approxi- 
mately tetrahedral, the Si—O distances 1.63 to 1.66 A, and the Si—C 
distances 1.88 A. The short Si—O distance indicates either a large ionic 
contribution or considerable double bond character. The (SiO); ring in 
hexamethylcyclotrisiloxane is planar, and it was found necessary to associate 
very large temperature factors with the methyl groups, in agreement with 
the results of a crystal structure investigation of a similar molecule (48). 
The evidence for large thermal motions of methyl groups in the siloxanes 
is supported by infrared evidence for an unusual weakness of the CH bands 
and extremely strong methyl rocking vibrations (49, 50). There has been 
some question about the value for the SiOSi angle in a molecule not con- 
strained to a ring configuration. Dipole moment data suggested an angle of 
about 160° (52), but the measurements were made in the condensed phase 
and are subject to considerable error. The electron diffraction results for 
(CHs)sSiOSi(CHs)3 report the SiOSi angle to be 130+10°, although an 
unpublished electron diffraction study of the same substance suggests a 
slightly larger angle of about 137+7° (51). 

Molecules containing nitrogen.—A complete structure has been deduced 
for hydrazoic acid by combining microwave (53) and infrared (54) data. 
The N7; ion is linear, and the molecule is an asymmetric rotor. Distinguish- 
ing the different nitrogens by primes and writing the formula HNN’N”’, the 
N’N” distance is 1.134+0.003 A, the NN’ distance 1.240+0.03 A, the NH 
distance 1.021+0.01 A, and the HNN’ angle 112° 39’+ 30’. These data are 
in agreement with the less precise electron diffraction measurements pre- 
viously reported (55), although the latter were unable to determine the hy- 
drogen parameters. 

Complete microwave structure analyses have been reported for methyl 
cyanide and methy] isocyanide (56). In CH3CN, the CH distance is 1.092 A, 
the CC distance 1.460 A, the CN distance 1.158 A, and the HCH angle 
109° 8’; in CH;NC, the CH distance is 1.094 A, the CC distance 1.427 A, 
the CN distance 1.167 A, and the HCH angle 109° 46’. The carbon-nitrogen 
distance in methyl isocyanide is considerably shorter than the value re- 
ported in an early electron diffraction investigation (57) and somewhat longer 
than the average value of about 1.158 A found in the normal cyanides. 

The structure of isocyanic acid has been studied by electron diffraction 
(58) and infrared spectroscopy (59). The NCO group is linear, and the mole- 
cule is an asymmetric rotor. A complete spectroscopic determination of 
the structure of HNCO now has been accomplished by combining the data 
deduced from the microwave and infrared spectra (60), and the CO distance 
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is found to be 1.171+0.01 A, the NC distance 1.207+0.01 A, the NH dis- 
tance 0.987 + 0.01 A, and the HNC angle 128.5°+30’. The N . . . O distance 
is known more accurately, and the value 2.378 + 0.005 A is given. The micro- 
wave spectrum of isothiocyanic acid has been measured by Beard & Dailey 
(61) who report the NH distance as 1.01 A (assumed), the NC distance 1.218A, 
the CS distance 1.557 A, and the HNC angle 136°. Reid (62) and Jones & 
Badger (63) suggest, on the basis of infrared observations, that the HNC 
angle is 138° 40’+1°. Other recent work includes a confirmation of the linear 
structure of cyanogen by Raman spectrum and electron diffraction (64, 65) 
studies. The planarity of the urea molecule in the crystalline state is now 
well established by spectroscopic evidence in the infrared region (66). 














TABLE II 

CH(A) CxX(A) Angle HCH References 
CH.F 1.109 1.385 110°0’ (71, 72, 73) 
CH,Cl 1.098 1.781 110°23’ (40, 71, 74, 76, 77) 
CH;Br 1.101 1.938 110°48’ (71, 74, 78) 
CH 1.09 2.144 112°3’ (74, 76) 


HC=CCl CH 1.052 CaC 1.211 Cd 1.632 (79) 
HC=CCN CH 1.057 C#C 1.203 CC 1.382 (80) 
CN 1.157 
HC=CCH; CH 1.056 C#C 1.207 CC 1.460 
methyl CH 1.097 HCH 108°14’ (81) 





Other molecules—To resolve a discrepancy in the results given by the 
visual correlation and radial distribution techniques (67), the structures of 
Cl,O and ClO, have been redetermined by electron diffraction (68). For the 
monoxide, the ClO distance is 1.701 +0.020 A and the CIOCI angle 110.8+1°; 
the ClO distance in chlorine dioxide was found to be 1.49+0.01 A and the 
OCIO angle 116.5+2.5°. By reference to expected covalent bond distances 
and by comparison with sulfur dioxide, chlorine monoxide seems best repre- 
sented by a covalent single bond structure and chlorine dioxide by a resonat- 
ing double bond structure similar to that written for sulfur dioxide. 

Dipole moment data (69) indicate that the simple carboxylic methyl 
esters do not rotate freely about the C (carbonyl)—O (ether) bond and that 
the carbonyl and methyl groups are in the cis configuration. The determina- 
tions by electron diffraction of the structures of methyl formate, methyl 
acetate, and methyl chloroformate (70) confirm the cis configurations. In 
each of the esters, the carbonyl C=O distances is about 1.22 A, the carboxyl 
CO distance 1.36 A, methoxyl CO distance 1.47 A, the O—C—O angle 
124°, and the COC angle 112°. Complete microwave structure determinations 
by the isotopic substitution technique have been made for all of the methyl- 
halides and several acetylene derivatives and are given in Table IT. 
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The pure rotational spectra of PCI; (123), AsCl; (123), GeH;Cl (40), and 
GeH;Br (75) yield the following values for the structural parameters: 
PCl;—PCI distance 2.043 A, CIPCI angle 100° 6’; AsCl;—AsClI distance 
2.161 A, ClAsCl angle 90° 25’; GEHs;CI—GeH distance 1.52 A, GeC! 2.147 A, 
angle HGeH 111° 4’; GeH;sBr—GeH 1.55 A, GeBr 2.297 A, angle HGeH 
112° 0’. 

Borine carbonyl has been shown by electron diffraction (86) to be a 
symmetrical top. By measuring the pure rotational spectra of BH;CO and 
BD;CO, Gordy et al. (87) have deduced the BH distance 1.194 A, BC dis- 
tance 1.540 A, CO distance 1.131 A, and angle HBH 113° 52’. The very large 
bond angle indicates there is an appreciable contribution of the nonionic 
form to the group of resonating structures originally proposed to explain 
the data. 

A preliminary microwave study of (CH3)sCCl, (CHs3)sCBr, and (CHs3)3CI 
is reported (88). If the CCC angle is assumed to be tetrahedral, the carbon- 
halogen distances agree with those determined for the methyl halides. How- 
ever, an earlier electron diffraction study (89) reported the larger CCC 
angle of 111.5+2°. Isotope substitution data will be required to completely 
solve the structures. 

A large number of papers are appearing regularly concerning the struc- 
tures of the various isomers of cyclohexane derivatives (90 to 93). The iso- 
mers exist predominantly in the chair form, but differ in the disposition of 
the substituent atoms with respect to the rough median plane of the carbon 
ring. Infrared spectra, Raman spectra, electron diffraction, x-ray diffraction, 
and dipole moment data are being used to prove the configurations of the 
possible isomers. 

The structure of cyclooctatetraene is of considerable interest because of 
the formal resemblance of the formula CsHs to benzene. The molecule has 
been studied by infrared and Raman spectroscopy, electron diffraction of 
the vapor, and x-ray diffraction of the solid. The spectroscopic studies (109) 
led to the conclusion that the molecule had a ‘‘crown”’ structure, that is, 
alternate carbon atoms were located above and below a median plane. A 
similar conclusion was reached by Bastiansen & Hassel from an electron 
diffraction investigation (110). However, Kaufman, Fankuchen & Mark 
concluded from a crystal structure study that the molecule had a “tub” 
configuration with alternating carbon—carbon bond lengths (111). A prelimi- 
nary report of a recent electron diffraction study by I. Karle supports the 
“tub” structure with alternating C—C links (112). 

Deductions from molecular symmetry.—Spectroscopic and dipole moment 
data frequently are sufficient to determine the general configuration of a 
molecule without providing numerical parameters for the detailed structure. 
Recent spectroscopic data support the bridge structures for diborane (94) 
and tetramethyldiborane (95). The dipole moment of methyl trisulfide is 
consistent with an unbranched chain configuration, RSSSR (96). Infrared 
data suggest a chain structure for hydrogen persulfide and probably exclude 
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both the cis and trans configurations (97). Raman and infrared arguments 
are used to discuss the probable configurations of Sg (‘‘crown”’ structure, 
Disa), SeCle (‘‘gauche”’ structure, C2), and P, (tetrahedral, Ta) (98). The 
spectra of deuterated cyclopentane (99) lead to the conclusion that the mole- 
cule is not planar, but cannot distinguish between several possibilities, in- 
cluding the model with pseudorotation proposed by Kilpatrick, Pitzer & 
Spitzer (100). It is generally accepted that the low energy rotational isomer 
of 1,2-dibromoethane has the trans Cy, configuration; evidence now has been 
presented which suggests the high energy form possesses the “skew” C2 
form (101). Infrared data for tetrahydropyran and p-dioxane indicate these 
molecules have neither the flat Da, nor ‘“boat”’ Coy structures (102). Argu- 
ments based on bond stretching force constants suggest that the carbon- 
oxygen bonds in Fe(CO)s and Fe2(CO)s more nearly resemble the bond in 
carbon monoxide than the CO bond in aldehydes or ketones (103). 


MOLECULAR STRUCTURES DEDUCED FROM CRYSTALLOGRAPHIC DATA 


Crystallographic studies are presented elsewhere in this volume and can- 
not be discussed at length here. It is pertinent, however, to point out that 
many complex molecular configurations are deduced from x-ray diffraction 
studies of crystals. Only a few examples of recent determinations will be 
considered in this review. 

Some of the complexities encountered in electron diffraction of gases 
are not encountered in x-ray diffraction from crystals, and molecular param- 
eters in the solid state usually may be deduced to within +0.03 A, and with 
very careful work, interatomic distances reliable to +0.005 A have been 
obtained. However, care must be taken in assessing molecular structure 
information which has been gleaned from studies of crystals, since the molec- 
ular configurations frequently are determined by intermolecular interac- 
tions. This is particularly true of molecules containing carbonyl, carboxyl, 
and amino groups, where the crystal structure is largely determined by hy- 
drogen bonding. 

Robertson and colleagues have determined the precise configurations of 
a number of planar conjugated molecules, such as naphthalene, anthracene, 
pyrene, dibenzanthrene, coronene, and benzoperylene. The structures of 
naphthalene (104) and anthracene (105) have recently been redetermined 
with the utmost care, in order to obtain with maximum accuracy the values 
for the different interatomic distances. Three dimensional Fourier analyses 
were computed, and the resultant electron density maps give the inter- 
atomic distances to a precision of perhaps 0.005A. The average values of 
the distances of the chemically equivalent bonds are considered reliable to 
approximately 0.01 A. Significant differences in the carbon to carbon dis- 
tances are observed, and to a first approximation, these variations may be 
correlated with the nonexcited resonating (Kekule) structures of the mole- 
cule. Extensive theoretical calculations have been carried out for these 
systems and there is reasonable agreement between the theoretical treat- 
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ments and the experimental results. For anthracene (Figure 1), the average 
value for the a—8 bond is 1.36 A, the B—B bond 1.39 A, the o—m bond 1.39 A, 
the o—a bond 1.42 A, and the o—o bond 1.44 A. The accuracy of the work is 
shown by the fact that the electron density maps clearly show the presence 
of hydrogen atoms, and in fact, one hydrogen atom is sufficiently well re- 
solved to permit an estimate for the carbon-hydrogen distance as 1.10 A, 
in excellent agreement with the previously cited bond distances observed by 
microwave spectroscopy. However, there are differences of the order of 
0.01 Ain the lengths of bonds which are usually considered to be chemically 
equivalent, and these differences may arise from intermolecular forces re- 
sulting from packing the molecules into a crystalline lattice. 


1-390 





ANTHRACENE 
Fic. 1 


Corey, Donahue and co-workers are engaged in a comprehensive study of 
the molecular configurations of the amino acids involved in the structures 
of proteins. Recent papers give the detailed structures of threonine, N- 
acetylglycine, D,L-alanine, and glycylglycine. These structures are largely 
constrained by hydrogen bond interactions and variations in bond lengths 
and angles result from different degrees of hydrogen bonding. A recent re- 
view by Corey & Donahue (106) summarizes the findings for these molecules. 

The structure (Figure 2) of decaborane, ByoHis, has been determined by 
Kasper, Lucht & Harker (107). The configurations of the boron hydrides 
have not been clear [see reference (1)] although the hydrogen bridge struc- 
ture for diborane is now generally accepted and evidence for a bridge struc- 
ture in tetramethyl diborane has been reported. The strange molecular con- 
figuration recently deduced for decaborane was not anticipated, and the 
nature of the intermolecular contacts and the high vapor pressure of the 
solid show that decaborane is a molecular crystal and that the structure 
deduced from the x-ray data is characteristic of the molecule. The boron 
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framework consists of two almost regular pentagonal pyramids sharing an 
edge, with an angle of 76° between the base planes of the pyramids; roughly 
the arrangement is that of a slightly distorted regular icosahedron with two 
neighboring vertices unoccupied. By using three dimensional Fourier syn- 
theses, it was possible to resolve all of the hydrogen atoms in the molecule. 
Of the 14 hydrogen atoms, 10 are located in directions corresponding to the 
five-fold axes of the distorted icosahedron. The remaining four hydrogen 
atoms each bridge two boron atoms, the hydrogens being unsymmetrically 
placed with respect to the two bonding boron atoms. The average boron- 


By Hi, 








Q BORON 
@ HYDROGEN . 


Fic. 2 


boron distance in the pyramids is 1.77+0.04 A, and there are two longer 
boron-boron distances of 2.01 A joining the pyramids. The 10 singly bonded 
hydrogen atoms are at distances of 1.25 to 1.29 A from the borons, and the 
hydrogens involved in bridge formation are at somewhat greater distances, 
1.34-1.40 A. The authors interpret the structure in terms of the Pauling 
concept of resonating single bonds, a concept that has enjoyed some success 
in correlating the structures of intermetallic compounds (108). 


INTRAMOLECULAR MOTIONS 


A comprehensive survey of the information regarding the barriers to free 
rotation about single bonds was given in the previous review by Beach (1). 
Although the subject cannot be treated in detail, a few new approaches to 
intramolecular rotation and related problems will be mentioned briefly here. 
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The geometric approach to the problem has already been pointed out in the 
discussion of the Karles’ technique for electron diffraction analysis. 

The height of the potential barrier hindering rotation may be estimated 
from thermodynamic and spectroscopic data, but Blade & Kimball (113) 
have shown that these data are not sufficiently precise to adequately deter- 
mine the shape of the barrier. It should be possible to detect the effect of 
torsional oscillations on the pure rotation spectrum, and Coles (114) and 
Koehler & Dennison (115) have developed the theory which predicts a 
splitting of the highly excited levels in the microwave spectrum. Lide & 
Coles (116) now have observed this splitting in H;CSiH; and H3sCSiD;. The 
preliminary estimates of intensities are consistent with Blade & Kimball’s 
two parabola potential with the barrier height Vp =460+80 cm.—!. It is be- 
lieved that with refined technique, the barrier restricting rotation may be 
obtained within 20 cm“. 

Smyth and co-workers have obtained dielectric constant evidence for 
rotation in the solid state of the long chain m-alkyl bromides and the tertiary 
butyl halides (117, 118, 119). Evidence for molecular rotation in the solid 
state has been obtained for various paraffins, alcohols, aromatic hydro- 
carbons, and polymers by measurement of the magnetic broadening of the 
nuclear resonance absorption line (120, 121, 122). 
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EXPERIMENTAL CRYSTALLOGRAPHY 


By R. E. RUNDLE 
Department of Chemistry, Iowa State College, Ames, Towa 


In this chapter, the period to November, 1950, is reviewed, but struc- 
tures of purely molecular crystals, including globular proteins, are covered 
in the chapter, ‘‘Experimental Molecular Structure.”" The latter chapter, 
the excellent review of inorganic structures by Hodgkin (1), and the struc- 
‘ural review in the first volume of this series have made it possible to give 
preference here to a review of the magnetic scattering of neutrons. The de- 
velopment of this subject is probably the most significant and certainly the 
most novel event in crystallography for the year 1950. Other significant 
developments within the scope of this review have not, however, been ig- 
nored. 

NEUTRON DIFFRACTION 


Several previous reviews have outlined most of the features of neutron 
diffraction (2), but appeared before the importance of the magnetic scatter- 
ing of neutrons became apparent and before many structure investigations 
could be reported. Without repeating earlier reviews, recent structural 
studies are reported, and magnetic scattering is discussed in some detail. 
The latter is possible due to the courtesy of Dr. C. G. Shull, who has made 
considerable material, still in manuscript form, available for this review. 

Magnetic scattering of neutrons—The magnetic moment of the neutron, 
about 1/1800th that of the electron, leads to magnetic dipole-dipole scatter- 
ing from atoms or ions possessing permanent magnetic moments. Halpern 
& Johnson (3) showed, and several investigators have verified (4), that the 
magnetic scattering amplitude, fmag, of such an atom or ion could be as large 
or larger than the nuclear scattering amplitude, foue and, therefore, of 
significance in diffraction investigations. The magnetic and nuclear ampli- 
tudes for the manganous ion, for example, are 1.30X10~" and 0.33 X10-" 
cm., respectively. In general, fmag=e?/mc*SyF, where S is the spin-only 
moment of the scattering atom, y is the moment of the neutron, and F is the 
form factor for the scattering atom (3). Since S is due to electrons which are 
distributed over distances comparable with the wavelength of thermal 
neutrons, F will depend upon angle, whereas Faue is independent of angle. 
Note, however, that F involves the electron distribution of only those elec- 
trons contributing to the magnetic moment, e.g., for manganous ion, the 
five 3d electrons. 

Paramagnetic materials—In the absence of a field, the magnetic mo- 


1 This division made organic salts, where the organic structure was the point of 
interest, and fibrous proteins seem inappropriate to this chapter; they have, therefore, 
been omitted. 
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ments of a crystalline paramagnetic material are arranged at random. 
Neutron diffraction from a powdered paramagnetic consists of the usual 
Bragg reflections due to nuclear scattering overlaid by a diffuse background 
of magnetic scattering (5). Shull & Wollan (6) have obtained finag as a func- 
tion of angle by studying the diffuse scattering, which leads to two interest- 
ing results: (2) The magnetic moment of the scattering atom can be deter- 
mined without the use of a magnetic measurement by extrapolating finag to 
zero angle. (b) A radial distribution function for just those electrons re- 
sponsible for the magnetic moment can be obtained by Fourier inversion 
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of F versus angle. The distribution function for the 3d electrons of the 
manganous ion, obtained from a study of manganous fluoride and sulfate is 
shown in Figure 1 (6). The peak at about 0.7 A is somewhat sharper than 
expected on theoretical grounds. 

Subsequent work will undoubtedly increase our understanding of the 
radial dependence of f-electrons in the rare earths and transuranic elements, 
with significance to the possible contribution of f-electrons in chemical bind- 
ing. It is not unreasonable to hope that it will be possible to determine the 
electron distribution of the odd electron in free radicals and ‘‘three-electron 
bonds.” 

Ferromagnetic materials—The ordered arrangement of magnetic mo- 
ments leads to magnetic scattering into the Bragg reflections and the disap- 
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pearance of diffuse scattering. In ferromagnetic materials, magnetic and 
nuclear scattering are superimposed, but the presence of the magnetic com- 
ponent can be detected and even resolved out of the total by the angular 
dependence of the magnetic scattering factor. The interesting dependence 
of neutron intensity on external magnetic fields and the production of 
partially polarized neutron beams have been demonstrated by Shull, 
Wollan & Strauser (6) for paramagnetics, but are more notable in the case 
of magnetite and are discussed below. 

A point of importance is that in materials possessing atoms or ions with 
different magnetic moments, the individual moments of each can be meas- 
ured. For example, Shull & Siegel have shown that ferromagnetic FeCo can 
be ordered so that it has the cesium chloride structure (7). Reflections with 
(h+k+1) =2n are due to the sum of the scattering amplitudes of iron and 
cobalt, while odd reflections are due to the difference. The even reflections 
show pronounced angular dependence of the form factor due to magnetic 
scattering, while the odd reflections are independent of angle, indicating no 
magnetic component. The magnetic scattering factors and, consequently, 
the magnetic moments of iron and cobalt must then be equal, while in pure 
iron and cobalt they differ by 35 per cent. This result has significance in the 
theory of metals, where the band theory would predict a mixing of d- 
electrons in a d-band and equalization of magnetic moments, while Pauling’s 
interpretation (8) requires that unpaired electrons be nonbonding and 
seems to require that cobalt and iron retain their magnetic identities. It will 
be interesting to learn the result in cases where the moments of individual 
atoms differ by a greater amount. 

Antiferromagnetic materials —Exchange interactions between magnetic 
neighbors may lead to the favoring of either parallel or antiparallel spin 
states (9), and in either case, a co-operative phenomenon may occur to order 
the spins. The latter case has been called antiferromagnetism. Below the 
Curie point, the properties of an antiferromagnetic material are not so 
striking as those of a ferromagnetic, and the existence of antiferromag- 
netism has been detectable only by specific heat and susceptibility anomalies 
near the Curie temperature. Shull & Smart (10) have shown that the exist- 
ence of antiferromagnetism is readily detected by neutron diffraction. 

As in ferromagnetics, the ordered arrangement of magnetic moments 
in antiferromagnetics leads to a magnetic contribution to the Bragg reflec- 
tions. Since, however, atoms with oppositely directed spins have magnetic 
scattering factors of the same magnitude but opposite sign, atoms which 
appeared identical in x-ray diffraction may be very different for neutron 
diffraction. Lattices of antiferromagnetics, as found by neutron diffraction, 
are typically multiples of the ordinarily observed x-ray lattices, though 
careful x-ray work can reveal the true lattice (see below). The way ordering 
of spins can double the lattice is shown by the neutron diffraction patterns 


of antiferromagnetic manganous oxide above and below the Curie point 
[Figure 2 (10)]. 
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It is possible to determine the nature of the spin alignment in an anti- 
ferromagnetic by neutron diffraction (6, 10). The ‘‘magnetic structure’”’ of 
manganous oxide is shown in Figure 3. Along one cube diagonal the moments 
of all manganous ions on one (111) plane are parallel to [100], but adjacent 
planes are antiparallel. Ferrous oxide has a similar structure but with all 
spins on one (111) plane parallel to [111] and adjacent planes antiparallel 
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Fic. 2. Neutron diffraction patterns for MnO at room temperature and at 80°K. (10). 


(6). (Both ferrous oxide and manganous oxide have the sodium chloride 
structure.) 

Rooksby (11) has found by x-ray diffraction that nickelous oxide, ferrous 
oxide, and manganous oxide become rhombohedral at sufficiently low 
temperatures, while cobaltous oxide apparently becomes tetragonal. Green- 
wald & Smart (12) have shown that the deviations from cubic symmetry 
are associated with the Curie points; there seems little doubt that the mag- 
netic interactions lead to slight ion displacements in these oxides. Rooksby’s 
lattices are consistent with the magnetic structures of manganous oxide and 
ferrous oxide. 
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Above the Curie point, antiferromagnetics may display short range 
magnetic order. The first broad maximum on the manganous oxide pattern 
(Figure 2) is due to this effect. Short range order changes rather abruptly to 
long range order in manganous oxide, but is very sluggish in ferric oxide (6), 
also antiferromagnetic. The specific heat and susceptibility anomalies are 
likewise spread over a long temperature range in ferric oxide. The analogy 
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Fic. 3. Arrangement of manganese ions and their moments in MnO 
(sodium chloride structure, oxygens not shown). 


between magnetic ordering in the two cases and crystal and glass melting 
appears to be close (6). 

Magnetite, Fe;0,, shows both antiferromagnetic and ferromagnetic 
properties, a condition predicted by Néel (13) and called by him “‘ferrimag- 
netic.”” Magnetite has the spinel structure, with ferric ions in octahedral and 
tetrahedral sites, and ferrous ions only in octahedral sites. The ferrous and 
ferric ions share octahedral sites at random. The ‘‘magnetic structure,” 
as determined by neutron diffraction, is shown in Figure 4 (6). All the octa- 
hedral iron ions have parallel moments, while all the tetrahedral ions have 
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moments antiparallel to those of the octahedral ions. Neutron diffraction 
confirms that the greater moment is on ions in the tetrahedral holes, as 
predicted from the assumed valence distribution in the two sites. Magnetite 
behaves as a ferromagnetic material because the octahedral iron ions are 
twice as numerous as the tetrahedral iron ions. This structure had been 
predicted by Néel (13). 





Fic. 4. Partial drawing of magnetite (Fe;O,) structure. Shaded atoms indicate 
iron in octahedral sites, solid atoms indicate iron in tetrahedral sites, and open atoms 
indicate oxygen. Arrows indicate orientation of magnetic moments. 


If a ferromagnetic or ferrimagnetic crystal is placed in a magnetic field 
to align the domains, the neutron intensity from a given plane will depend 
on whether the magnetic field is normal to or in the plane formed by the 
incident and diffracted beam, since if the field is in the plane, there will be 
no magnetic component in the diffracted beam. Nearly all the scattering 
from the (111) plane of magnetite is magnetic, so the diffracted beam can be 
effectively turned off or on by turning the external magnetic field through 
90° (6). 

Almost completely monochromatic, polarized neutron beams of high 
intensity have been produced by Shull (14) from the (220) plane of a mag- 
netite single crystal.? Here the amplitude for nuclear scattering, C, is nearly 
equal to the magnetic amplitude, D. For a magnetic field normal to the in- 
cident and the diffracted beams, the intensity from (220) is proportional to 
(C+D)?, where the sign depends on whether the neutron spin is parallel or 
antiparallel to the field and is, consequently, nearly zero for one orientation. 
It is interesting to note that the sense of polarization of the diffracted beam 
from (220) is opposite to that produced by iron in the same magnetic field. 
The iron contribution to (220) in magnetite is due to tetrahedral iron ions 


2 Polarized neutron beams have also been produced by reflection from magnetized 
mirrors. [See Hughes & Burgy (129).] 
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only, so the sense of polarization provides direct proof that the moments of 
these ions are aligned antiparallel to the external field. 

Structures determined by neutron diffraction.3—The advantages of neutron 
diffraction for locating hydrogen and other light atoms have been demon- 
strated for alkali halides (15) and heavy water (16) and for studying order- 
disorder transitions in alloys of metals with nearly the same atomic number 
(7). Below are reported recent structure determinations. 

Thorium dicarbide——Previously reported as tetragonal (17), thorium 
dicarbide is monoclinic. Hunt & Rundle have found lattice constants and 
thorium positions by x-ray diffraction using single crystals and have located 
approximate carbon positions from neutron diffraction powder data (18). 
The C-centered monoclinic unit contains C. groups, with C—C=1.5 A, 
definitely too large for an acetylene ion (expected C—C distance, 1.2 A). 
Each C2 group is surrounded by six thoriums in a manner equally well 
described as ethane-like, ethylene-like, or acetylene-like. In the latter cases, 
two and four thoriums, respectively, could be thought of as being bound by 
the z-orbitals of the C2 group. Nearest Th—C distances, 2.40 A, are just 
the sum of the covalent radii. Six C2 groups surround each thorium in an 
essentially octahedral configuration. 

The dihydrides of thorium and zirconium.—Tetragonal zirconium di- 
hydride was reported by Higg (19), while the isomorphous hydride of 
thorium was found during the war by x-ray diffraction. Shull & Rundle, 
studying the deuterides by neutron diffraction, have found a deformed 
fluorite structure for both (20). The tetrahedron of metal atoms surrounding 
each hydrogen is flattened in the co-direction, presumably due to residual 
metal-metal bonding. Thorium hydride is notable for extremely long 
thorium-hydrogen distances, 2.41 A. 

Hydrogen positions in uranium hydride—Uranium hydride, UHs, has 
the metal arrangement of B-tungsten (21). Rundle has found hydrogen posi- 
tions in the deuteride (22), and as in ThH2, hydrogens are surrounded by a 
deformed tetrahedron of metal atoms at an abnormally large distance (2.32 
A). The metal arrangement, which is unrelated to any form of uranium 
metal, and very long uranium distances indicate that the main cohesive 
forces are provided by uranium-hydrogen interactions. Long U-H distances 
are, therefore, difficult to understand. Rundle tried unsuccessfully to pre- 
dict hydrogen positions in UH; (21), and his predictions were given support, 
mainly through distance considerations, by Pauling & Ewing (23). Appar- 
ently hydrogen-metal distances in heavy metal hydrides are not yet under- 
stood. 

The hydrogen arrangement is interesting (Figure 5). About Uj, there are 
12 hydrogens at the corners of an icosahedron of symmetry Ty. About Un 


3 Structural work outside the field of crystallography includes studies of silica 
gel [Ruderman (130)] and of liquid structure [Chamberlain (131)]. 
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atoms, 12 hydrogens form a truncated tetrahedron, with each Uy atom 
tying four icosahedra together. 


X-Ray METHODS 


Structure analysis—The past year has seen a rapid development of the 
more original contributions of the preceding years.‘ Of special significance 
is the increased proportion of three-dimensional structure analyses and the 
greater attention paid to evaluation of error. Recent advances have become 





Fic. 5. Partial structure of uranium hydride, UH3. Uranium atom, A, ties four 
icosahedra of hydrogens together. The tetrahedron of uranium atoms about hydrogen, 
H, can be seen by noting that there will be another hydrogen almost directly above it, 
not shown. 


possible, in part, due to the increasing use of punched card techniques.® 
These have been outlined for syntheses (24, 25), structure factor calcula- 
tions, steepest descents, least squares, etc. (26, 27), and even sin? 6 calcula- 
tions (28). A method which will eliminate hand selection of cards has been 
proposed by Greenhalgh & Jeffrey (29). 

The electronic Fourier synthesizer (X-RAC) of Pepinsky (30), which 


4 See Hodgkin & Pitt (1) and Hoard & Geller (132). 

5 Probably equally important was the inspiration and realization of the power of 
three-dimensional work provided by the determination of the structure of penicillin 
by Hodgkin, Bunn, and co-workers. 
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makes possible the experimental determination of phase angles, has been 
impressively demonstrated in the partial determination of the structure 
of di-fructose strontium chloride trihydrate (31), and its use is leading to 
entirely new methods of procedure. Pepinsky & MacGillavry (32) report that 
signs can be obtained reliably by smoothing the background of a density 
projection. The X-RAC also permits such rapid structure factor calculation 
as to allow examination of trial structures at unprecedented rates. It may 
well make other methods of determining phases and trial structures aca- 
demic. Indeed, rumors of its success with vitamin Biz. may cause crystallog- 
raphers to consider whether they or organic structural chemists have been 
made obsolete by the machine. 

The analytical approach to the phase angle problem, initiated by Harker 
& Kasper (33), together with extensions, limitations, and relation to ‘‘im- 
plication theory,”’ has been reviewed.‘ Recently a more elegant development 
through group theory has been given by MacGillavry (34), and a more gen- 
eral approach to the problem has been found by Karle & Hauptman (35). 
They show that the inequalities of Harker-Kasper and of Gillis (36) assume 
implicitly a positive electron density, p, and that general relations among 
Fourier coefficients of positive Fourier series can be obtained which include 
all other equalities and inequalities based on positiveness. It is shown that 
any structure factor is limited to a circle in the complex plane, the center 
and radius of which are determined by the other structure factors. Goed- 
koop (37) has examined the application of symmetry to the Karle & Haupt- 
man analysis. 

Hauptman & Karle (38) point out that by requiring (M—p) and (p—m) 
to be positive, where M and m are upper and lower bounds on the electron 
density, further relations among structure factors are obtained. They con- 
clude that the crystal structure problem can be reduced to an algebraic one 
involving structure factor magnitudes only.® 

Buerger (39) has shown that a vector set, obtainable as a three-dimen- 
sional Patterson, can be resolved into the fundamental set of points, i.e., the 
structure to which it is related. Subsequently, Buerger (40) has developed 
“image seeking functions’? to achieve the desired solution. His function 
~,(uvwxyz) has a maximum when the line whose components are xyz spans 
two Patterson peaks, or in general, his function, 7,, is a maximum when an 
n-gon covers n Patterson peaks. The method has not been demonstrated, 
but the functions can be cast in Fourier form, and 72 does not seem beyond 
calculation by punched card methods, though the Fourier coefficients are 
quite complex. 

Buerger’s image seeking functions make use of the fact that when the 
Patterson function is superimposed upon itself with translation, the co- 
incidences are more simply related to the fundamental set of points (the 


6 This point has been made clearer [Hauptman & Karle (133)]. 
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structure) than the original Patterson. Clastre & Gay (41) and Garrido (42) 
have recognized this same fact and have developed simple graphical and 
analytical methods for taking advantage of it. 

Meanwhile, the ability of the three-dimensional Patterson function to 
provide a solution to a complex, noncentrosymmetric structure without 
benefit of the above has been convincingly demonstrated by Shoemaker 
et al. (43). Probably their determination of the structure of L-threonine is, 
technically, the most important recent structure determination. The rough 
structure, obtained from the Patterson, was refined by two- and three- 
dimensional Fourier syntheses, corrected for series termination, and with an 
n-shift rule developed to speed convergence of the complex series. Peaks 
were located analytically by assuming a Gaussian-type distribution (44). A 
complete three-dimensional least-squares refinement was also employed. 
The analysis of errors, generally paralleling Cox & Cruickshank (45, 46b) 
but with valuable observations relative to accuracies of symmetric and non- 
centrosymmetric structures, is particularly noteworthy. Nearly all available 
punched card techniques were used, but the authors’ diagram of operational 
procedure indicates that more was involved than machine labor. 

A number of recent determinations (43, 44, 46 to 48) set such high 
standards that they are likely to change the concept of what a structure 
determination should involve and to alter the type of chemical theory 
to which structural information can be applied (49, 50). It is noteworthy 
that three-dimensional investigations of compounds containing only first 
row elements have always given evidence for hydrogen peaks. 

Wilson’s intensity distribution method for discovering symmetry ele- 
ments and space groups not distinguishable by extinctions has been tested 
for a number of crystals by Howells, Phillips & Rogers (51). Unless rather 
badly disturbed by heavy atoms in special positions, the Wilson ratios for 
centric and acentric structures are in good agreement with observation. 
Wilson’s extension of the method to examination of average intensities of 
zones or rows (52) seems less subtle, more rapid, and likely to be of impor- 
tance.’ 

Buerger (39) and Nowacki (53) have pointed out that consideration of 
Patterson spaces will also distinguish most space groups. It seems likely 
that Wilson’s method will be better for organic structures, the latter for 
cases involving heavy atoms. 

Equipment.—The increasing use of three dimensional x-ray methods with 
subsequent improvement in accuracy justifies serious attempts to achieve 
rapid, yet more accurate measurement of intensities of x-ray reflections. 
The increasing use of Geiger counters for x-ray spectrographic analysis has 
provided the stimulus for commercial development of these instruments. 


7 A more complete account of the application of the method to space group deter- 
minations has just been given by Rogers (134). 
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Their adaptation to single crystal work is receiving attention and appears 
promising (54). 

X-ray diagrams have been made at pressures up to 25,000 atm. by Law- 
son, Riley & Tang (55) using a single crystal of diamond as a sample chamber, 
while Edwards, Speiser & Johnston (56) have obtained powder diagrams 
near 2,500°K. using a camera equipped with an induction furnace. These 
techniques extend very notably the range of application of diffraction tech- 
niques. 

STRUCTURES 


Metals and alloys.—It used to be said that structures of intermetallic 
compounds were either simple enough to obtain by powder data or too 
complex to obtain by any means. An increase in the number of complex 
structures solved by single crystal techniques is, therefore, noteworthy. 
Such an increase is also fortunate, since structural theory is nowhere more 
helpless than in predicting intermetallic structures and is in obvious need 
of further experimental work. Indeed, even valence is in dispute, and the 
difficulty of-devising a critical test of the rival theories of Hume-Rothery 
(57a) and Mott & Jones (57b) and of Pauling (58) is well illustrated by the 
recent discussion of CozAly. 

The structure of monoclinic CosAly has been given thorough single crys- 
tal study by Douglas (59) to test Raynor’s suggestion (60) that transition 
metals can extract electrons from aluminum into their partially vacant, 
nonbonding, 3d subshell. Tentatively, he concludes that the electron count 
at a cobalt site is 29, two greater than the atomic number. The first promi- 
nent Brillouin zone requires 2.12 electrons per atom. Using Hume-Rothery’s 
zero valence for cobalt, tervalent aluminum, and the capture of about 
two electrons per cobalt into the nonbonding band, CoeAly has an electron 
per atom ratio of (27 —4)/11=2.1, a remarkable agreement. Unfortunately, 
the bonds in CosAlg are especially short, generally regarded as evidence 
that the number of electrons per bond is especially high. 

According to Pauling’s recent views, aluminum may increase its valence 
to four by extraction of an electron from the nonbonding 3d level of cobalt. 
This would not lower the valence of cobalt, but indeed might increase it 
above the Pauling valence of 5.78. In CosAls, each cobalt has nine aluminum 
neighbors at ~2.47 A, leading to a Pauling valence of more than six for 
cobalt. Similarly, Pauling’s rules and radii lead to aluminum valences of 
four or more for the various nonequivalent aluminum atoms, all in satis- 
factory agreement with expectation. Thus, the short distances can be 
“‘understood.”’ As electron transfer would lead to considerable ionic char- 
acter in the cobalt-aluminum bonds, it would be difficult to argue that the 
electron count eliminates this entirely opposite interpretation.* Whether one 


8 (Added in press.) Pauling has just given a more detailed discussion of this 
interpretation [see (137)]. 
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favors Pauling’s or Hume-Rothery’s empiricism depends, it seems, on 
whether one considers it more fundamental to have bond lengths decrease 
with increasing electron density or to fill the inscribed sphere of the first 
Brillouin zone.® 

Both Lawson & Tang (61) and Schuch & Sturdivant (62) have reported 
two coexisting, face-centered cubic cerium phases, with lattice constants of 
4.83 and 5.14 A and a volume difference of 16.5 per cent. The contracted 
form, evidently the high pressure form of Bridgman (63), was produced at 
15,000 atm. (61) and by quenching samples from above 573°K. to 90°K. (62). 
Trombe & Foex have found that a decrease in magnetic susceptibility ac- 
companies contraction (64), and it appears that a 4f-electron shifts to the 5d 
shell, where it contributes to the metallic binding. Electrons evidently 
pair spins in the bonding band in agreement with Pauling’s concept of metal- 
lic binding (58). 

Polonium has been shown by Beamer & Maxwell (65) to have a simple 
cubic form (a), with ao9=3.345 A and a similar rhombohedral form (8), 
with ap =3.359, a=98° 13’. The unavoidable lead impurity, miscible to at 
least 50 per cent, favors the a-form, which may be an alloy with the sodium 
chloride structure, though polonium must be able to occupy a large per- 
centage of the lead sites. 

Several interesting new structures have been found by Schubert & 
Pfisterer (66) and Schubert & Résler (67) in the platinum-tin system. 
Nowotny & Bachmeyer (68) and Samson (69) have reported structures in 
several three-component systems. Baenziger et al. (70) have completed an 
extensive study of the compounds of uranium with the transition elements, 
finding several new structural types and noting that heavy metals often 
form no compounds with chromium; compounds begin with manganese, 
increasing in number until nickel is reached. M Be:3 compounds, isomorphous 
with NaZn,3, are common among heavy metals (71). A preliminary account 
of the structure of sigma phase has been made by Shoemaker & Bergman 
(72). 

In the field of semimetals, silicides and borides have received the most 
attention. Kiessling has extended his studies to borides of manganese (73), 
chromium, nickel, columbium, and thorium (74), and has given a general 
review of transition metal borides (75), while structures of heavy metal 
borides have been reported by Zalkin & Templeton (76). Hellner (77) has 
found the Si-Si distance to be 2.47 A in the silicon chains of CaSi, consider- 
ably longer than in USi (78), an unfavorable case for parameter determina- 
tion. Mo;Si (79) is isomorphous with CrsSi (80), while CoSiz (81) has the 
fluorite structure. The similarity of boron and silicon in forming successively 
chains, double chains, layers, and networks as their concentrations increase 


® Pauling & Ewing (135) have filled higher zones using Pauling’s valences. The 
significance of this has, however, been challenged by Hume-Rothery (136). 
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has been reviewed by Hodgkin (1). Nowotny has compared metallic and 
ionic structures in an interesting review (82). 

Graphite—Lukesh (83) and Hoerni & Weigle (84) have found evidence 
that graphite has a larger unit cell and lower than hexagonal symmetry, 
probably demanding unequal C-C bonds within the planar net. An ortho- 
rhombic superlattice with a9 =36.84=15 X2.456 kX and other axes equal 
to the former orthohexagonal unit has been suggested (83). Boron nitride 
is not isomorphous with graphite, as reported (85), but has, according to 
Pease (86), a structure with layers directly over each other, boron and 
nitrogen exchanging positions. 

Electron-deficient compounds.—The platinum-methyl-platinum bridges 
in the tetramethyl platinum tetramer, found by Rundle & Sturdivant (87), 
show that electron-deficient bonds are not a peculiarity due to third group 
elements. Rundle’s suggestion that delocalization of bonds is caused by the 
tendency of metals to use all their low energy orbitals in bond formation, 
even when these exceed valence electrons (88), has been tested by Rundle & 
Snow (89) for dimethylberyllium (beryllium has four low energy orbitals, 
two valence electrons). The structure, isomorphous with that of SiSe, con- 
tains chains with four methyl groups about each beryllium forming a tetra- 
hedron flattened in the chain direction. Each methyl is bonded symmetri- 
cally to two berylliums. It seems likely that the methyl bridge in the tri- 
methylaluminum dimer is also symmetrical, contrary to the suggestion of 
Pitzer & Gutowsky (90). 


Vs 


Full report of the important BjoHy structure has now been made by 
Kasper, Lucht & Harker (91).'° Its complexity indicates that predicting 
structures of the higher boron hydrides is comparable with predicting 
structures of metallic compounds; the number of excess orbitals and conse- 
quent delocalization of bonds is great for both. The structure is in conflict 
with predictions based on ‘protonated double bonds” or any hydrogen bridge 
(92). From the rule above, it appears likely that structures which leave 
stable boron orbitals unused cannot be fully satisfactory for any boron 
hydride. Discussions of hydrogen bridges appear valuable as attempts to 
describe a particular type of bond, not as a general theory of electron defi- 
cient bonding. 

Methyl and halogen bridges are similar in several compounds, e.g., 


10 Since BioHy, is molecular, details of the structure are given in the chapter “Ex- 
perimental Molecular Structure.” 
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[(CHs)sAl]2 (structure not settled), [((CHs3)2AlX]2and (AlX3)2 (93), [((CHs)4Pt], 
and [(CHs)3PtCl], (87), and [(CH3)2Be], and (BeCl2), (94). Comparison of 
bond angles reveals, however, that halogen bridges are not analogous 
electronically. Rundle & Lewis (94) have found that beryllium chloride is 
isomorphous with dimethylberyllium, but bond angles within the four 
membered rings of the chain, above, are 114° for C—Be—C versus 100° 
for Cl—Be—Cl, 66° for Be—C—Be versus 80° for Be—Cl—Be. The Ci— 
Be—Cl angle is less than tetrahedral presumably due to the attempt of 
chlorine to achieve the 90° angles ideal for two p-bonds, while the sharp 
Be—C—Be angle is presumably necessary so that one tetrahedral carbon 
orbital can overlap two tetrahedral beryllium orbitals. Thus, it appears 
that there are two electron pairs in the Be—Cl—Be bridge, one in the Be— 
C—Be bridge. 

Molecular complexes.—The nature of the remarkable addition complexes 
which urea and thiourea form with a wide variety of organic molecules has 
been clarified by the work of Smith (95). Urea molecules in the complex are 
tied into interconnecting helices by hydrogen bonds. The free diameter of 
the urea helix accommodates straight chain hydrocarbons, whereas the 
thiourea helix will admit bushier molecules. This new low density urea 
structure is evidently stabilized by van der Waals interaction with the com- 
plexed molecules, paralleling the case of organic complexes of the amylose 
component of starch, where a helical chain structure is stabilized by iodine 
and organic molecules (96). 

A similar effect leads to stable hydrates of certain relatively nonpolar 
gases. Stakelberg (97) has shown that in the complexes, each water has 
four water neighbors at 2.6 A, as in ice, but arranged so that 24 water 
molecules form a polyhedron with a relatively large cavity containing the 
gas molecule. The complexes are cubic, ao¥12 A, irrespective of the com- 
plexed molecule, and, again, stabilization of this low density form of ice 
depends upon filling a portion of the water polyhedra. The polyhedra are 
joined by hydrogen bonds, so that there is one hole per six waters, giving 
an ideal composition, M-6H,0. All of the above complexes are, of course, 
closely related to Powell’s clathrate complexes (98). 

Hoard et al. (99) have found that the B—N bond in F;B-NR; complexes 
is sometimes larger than the sum of the covalent radii. The geometries of 
the BF; and amine residues change in the expected direction, but in a man- 
ner suggesting that contributions of bonded and no-bond structures, I and 
II, are both important to the ground state, the contribution 


4 
F3B—NR3 I F;B :NR; Il 


of I increasing with basic strength of the amine, in agreement with the 
concept of complexes recently advanced by Mulliken (100). 

The structure of an aromatic 7-complex has been determined for the first 
time by Rundle & Goring (101), who find that silver ions in the silver per- 
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chlorate-benzene complex are located above and below two opposite pairs of 
carbon atoms of the benzene ring, with Ag—C =2.6 A. The structure and 
a prediction by Mulliken (100), based on group theory, are in agreement and 
in conflict with the axial position generally assumed (102). 

Oxides.—Unusual structures and compositions arising from ordered 
oxygen deficiencies and excesses have received further study; Magneli (103), 
molybdenum and tungsten oxides, McCullough (104), the rare earths, and 
Alberman & Anderson (105), the uranium oxygen system. The review by 
Hodgkin (1) is, nevertheless, still adequate. 

Templeton & Dauben (106) have found O-- with O—O =1.33 Ain NaO,, 
as in KOn, etc., but with a positional disordered leading to cubic symmetry. 
Grison, Eriks & de Vries (107) have established the ionic nature of crystal- 
line NOs. The NO;* ion is linear, with N—O=1.15 A; the nitrate ion is 
normal. A form of P.O; in which sheets of PO, tetrahedra are joined by shar- 
ing corners has been reported by McGillavry et al. (108). Aurivillius has found 
mixed bismuth oxides of composition (Bi, M)¢RsOis (M =alkali or alkaline 
earth ion, R=Nb, Ta, Ti) to consist of alternate Bi,O,** layers, as found 
in BiOX, and perovskite layers, while BisTisO,2 is similar except for double 
perovskite layers (109). 

Sulfides, selinides, tellurides—Ehrlich has reviewed AB—AB, phases 
where A=calcium ions through the transition metals to zinc ions, and 
B=oxygen, sulfur, selenium, or tellurium, outlining the wide limits of sta- 
bility of NiAs and Cdl, structures, homogeneous transitions between the 
two, and transitions to other structures (110). Hahn & Klinger have exam- 
ined indium and thallium sulfides, selenides, and tellurides (111). 

Minerals—Completed structures, in substantial agreement with pre- 
liminary reports (1), have appeared for tourmaline (112) and hollandite 
(113). The extensive use of implication diagrams by Donnay & Buerger 
(112) is interesting as the first real test of this technique. The parameter 
refinement by Fourier methods, as well as the over-all ‘‘percentage devi- 
ations,’’ R=0.36, are disappointing, however, for such a detailed analysis, 
particularly since it is now clear that R should be especially low for acentric 
structures (43, 114). 

Brindley & Ali (115) have shown that penninite and related hydrous 
chlorite minerals change to a modified chlorite to olivine and finally to 
spinel upon drying at elevated temperatures. The nature of the change is 
outlined. 

Surprisingly large numbers of other mineral structures have been ex- 
amined, including several phosphates and arsenates (116, 117), boron- 
bearing minerals (118, 119), orpiment (120), and synthetic carnotite (121). 

Other inorganic structures—A low density, hexagonal rare earth phos- 
phate phase has been found by Mooney (122); it often coexists with the 
monoclinic form and is isomorphous with monazite. Channels in the former 
run along the hexagonal lattice, possibly stabilized by zeolitic water. 

Ammonium tetrametaphosphate, found to be orthorhombic by Ketelaar 
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& MacGillavry (123), contains PO, tetrahedra linked into four membered 
rings as in [Al(PO3)]; and PsOyo. These are linked by ammonium ions, 
N—H ...0=2.87 A. Ammonium trinitrate (NH,NO3-2HNOs3) has been 
examined by Duke & Llewellyn (124). Sheets of ammonium and nitrate 
ions alternate with sheets of nitric acid molecules, bonded by hydrogen 
bonds (2.63 A) between nitric acid and nitrate ion. In the acid molecule N—O 
averages 1.21 A, N—OH =1.33 A, and the bonds in the nitrate ion are 
unequal because of hydrogen bonding to only two. The ammonium ion is 
surrounded by 12 oxygens; all N—O distances exceed 3.0 A. In the struc- 
tures of anhydrous nitric acid and the monohydrate, both reported by 
Luzzati (125), nitric acid is again planar, with N—O=1.24 A, N—OH =1.30A, 
<ONO=134°, <ONOH=113°. The monohydrate structure is dictated 
by strong hydrogen bonds with O—H ...O ranging from 2.54 to 2.67 A. 

Structurally related to scheelite, KCrO3;Cl contains approximately tetra- 
hedral CrO;Cl ions, with Cr—O (1.53 A) considerably less than the sum 
of the covalent radii (1.81 A). Helmholz & Foster (126) have found the crys- 
tals to be dichroic with maximum absorption when the electric vector is in 
the plane of the oxygens of the anion. 

Zachariasen has reported further on the 5f series of elements, listing 
structures of more than 50 new compounds with known structural types 
(127). Black U2F, (128) is particularly interesting as an example of a ‘‘mixed 
valence’ compound, with all uranium atoms equivalent. Nine fluorine neigh- 
bors at 2.31 A are at distances intermediate between those found for tetra- 
valent uranium, U—F =2.36 A, and pentavalent uranium U—F =2.21 A, 
in agreement with the intermediate valence. 


38. 
ae. 
33. 
34. 
35. 
36. 
37. 


. (a) Wollan, E. O., and Shull, C. G., Nucleonics, 3(1), 8-21; 3(2), 17-31 (1948); 
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HOMOGENEOUS CHEMICAL KINETICS! 


By MARTIN KILPATRICK 
Department of Chemistry, Illinois Institute of Technology, Chicago, Illinois 


Judging by the number and content of the papers listed under ‘Reaction 
Velocity” and ‘‘Kinetics’’ appearing in 1950, the interest in the field of 
chemical kinetics has broadened and intensified. In addition to the review 
by Daniels (1) covering the topics, mathematical analysis, gas phase reac- 
tions, organic reactions in solution, combustion and explosions, isotopic 
reactions, polymerizations, and biochemical reactions, a review by Williams 
& Singer (2) was issued in 1949 on ‘‘Homogeneous Thermal Gas Reactions.”’ 
Other important review papers were ‘‘The Determination of Bond Dissocia- 
tion Energies by Pyrolytic Methods’’ (3) and “Copolymerization” (4). 
Laidler’s book, Chemical Kinetics (5), also appeared and is reviewed else- 
where (6). During 1950, the Faraday Society discussions were on ‘‘Hetero- 
geneous Catalysis’’ (7), while the Physical and Inorganic Division of the 
American Chemical Society sponsored two symposia, one on “Intermediates 
in Reaction Kinetics’* in April and another more extensive one in June 
on ‘‘Anomalies in Reaction Kinetics.”” As the papers from the latter sym- 
posium will not be published until June, 1951, it will not be discussed to 
any extent in the following pages. Whenever a topic is introduced which 
has not been reviewed recently, the essentials of the background will be 
supplied. In other cases, additional background may be supplied to clarify 
critical points. 

INTERMEDIATES 


The fashion in kinetics today is to explain reactions in terms of inter- 
mediates of varying stability, and kineticists should profit by a re-examina- 
tion of the papers of Wegscheider (8, 9) who pointed out 50 years ago that 
the reason why a reaction so often runs in steps involving unstable inter- 
mediates is that the changes in free energy, in the stepwise course, occur 
gradually and simultaneously. When a reaction takes place by way of inter- 
mediates whose concentrations are negligibly small compared to the con- 
centrations of the other reactants, the rates of the successive steps are equal. 
This is the principle of the Equality of Partial Velocities which Wegscheider 
deduced from consideration of energy and Skrabal (10), from the stoichi- 
ometry of the simultaneous reactions. As Skrabal points out, the nature of 
the reactive intermediate which is present at a negligibly low concentration 
is unimportant; it may be a substance of known structure, or an ‘‘energy 
rich molecule,”’ a free radical, or a “‘critical complex’’ of unknown structure. 

' The survey of the literature pertaining to this review was concluded in Decem- 
ber, 1950. 

2? Jointly with the Division of Biological Chemistry. 

3 In the Journal of Physical and Colloid Chemistry. 
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To mention a few important examples, nitrate radical to explain the de- 
composition of nitrogen pentoxide (11) and its reaction with ozone (12, 13), 
or ozone with nitrogen dioxide (14), hydrogen peroxide and organic hydro- 
peroxides in the combustion of hydrogen and hydrocarbons, carbon di- 
chloride in the basic hydrolysis of chloroform (15), and enzyme-substrate 
complexes of the milk and plant enzymes (16). 

The simplest case is that of two consecutive first-order irreversible 
reactions with a single intermediate, 


A h I & P. 
When &,=0, the intermediate is the stable product; as kg becomes greater 
than &,, the maximum concentration of the intermediate relative to sub- 
strate decreases, and when ky becomes 1,000 &;, the intermediate would 
hardly be detectable. If the first step is reversible, 
ky he 
A=>I--P II 
-1 
as k_; increases from 0 to 5 ko, the maximum value of the ratio of the con- 
centration of intermediate to substrate is lowered. Since the initial concen- 
tration of the intermediate Ip is zero, the rate of formation of product is 
initially zero, and there is an induction period. When k,=10 k; and k_; goes 
from 0 to 5 ke, the intermediate would hardly be detectable, and the induc- 
tion period would go unnoticed. 

There is in principle no dividing line between the relatively stable and 
the unstable intermediates. As the stability of the intermediate is decreased, 
however, a point is reached where its concentration becomes negligible com- 
pared to the concentration of other species, and this fact simplifies consid- 
erably the computation of the velocity of the over-all reaction. Considerations 
of this kind led to the principle of the Equality of Partial Velocities already 
mentioned. In reviewing the literature for 1950, one finds much more 
complicated examples than those represented by equations I and II. 


CONTINUOUS FLOW STIRRED TANK REACTOR 


There is another trend in the study of kinetics which deserves special 
mention. Many kinetic studies are made by the “batch process,’ i.e., the 
reactants are mixed and we follow the changes in concentration with time. 
Other studies are made in a “tubular reactor’”’ where the reactants are intro- 
duced and mixed at one end of the vessel and flow in uniform motion with 
a minimum of stirring with the concentrations of the reactants decreasing 
and products increasing in the direction of flow. The kinetics of a reaction 
carried out in such a manner is, in general, identical with the kinetics of the 
same reaction carried out batchwise. 

There is, however, a second type of continuous process in which the 
reactants flow through one or more vessels, in each of which there is thorough 
stirring. In this continuous flow stirred tank reactor, there is uniform con- 
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centration in each tank, and in each, a stationary state is reached where 
there is no change in the concentrations of the various species with time. 
This eliminates the need for solving differential equations and enables one 
to determine the order and velocity of complex reactions and to detect the 
presence of intermediates. Denbigh (17) has investigated the yields and 
kinetics of reactions carried out continuously as distinct from batchwise. 
The comparison between batch and continuous reaction is given with regard 
to volume of reaction space and yield. Denbigh also points out the advan- 
tages of a variation in temperature along the path of the reaction. The 
treatment is applied numerically to the case of ammonia synthesis. In 
another paper, Denbigh (18) describes a laboratory model of a one-stage 
continuous flow stirred tank reactor and tests the method by measurement 
of the rate of hydrolysis of ethyl acetate. He also has considered the problem 
of the kinetics of steady state polymerizations (19). In still another paper, 
titled ‘‘The Kinetics of Open Reaction Systems’”’ (20), the properties of the 
steady state in a chemical system have been considered together with the 
transitions between steady states for first-order reactions as represented by 
equations J and II above. The conditions for ‘‘false start’’ and ‘“‘overshoot”’ 
are given mathematically and are demonstrated and the anomalous be- 
havior of autocatalytic reactions is discussed. The paper also contains a 
brief discussion of the possible significance of open reaction systems in 
living organisms; these ideas are of importance in the interpretation of 
further biological investigations using tracers (21). 

During the past year Hammett has reported studies on the alkaline 
bromination of acetone in a stirred flow reactor (22) and has developed 
a continuous titration method for additional studies in a continuous flow 
stirred tank reactor (23). He has also followed reactions by the temperature 
rise (24). The advantages of this general method are: (a) reactions can be 
studied under constant conditions, for example, of catalyst or free radical 
concentration or ionic strength; (b) the method permits investigation by 
physical methods of transient intermediates during reaction; (c) mathe- 
matical analysis is possible in cases where studies by static methods have 
not yielded solutions; and (d) the method can be used for reactions which 
are too fast for investigation by the static method and two slow to be con- 
veniently followed by the Hartridge and Roughton technique. Hammett 
worked down to average times of 100 sec. The disadvantages are: (a) larger 
quantities of reagents are employed and (b) kinetic data are accumulated 
at one item per run which means that the procedure is slow. Incidentally, 
the method is not new (25), but its development should break down further 
the low barriers which now separate the physical chemist from the organic 
chemist and the chemical engineer (26, 27). 


Fast REACTIONS 


In the field of fast reactions, the work of Chance has recently been 
reviewed [Daniels (1); Chance (28)]. Kilpatrick & McKinney have designed 
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a reactor to follow reactions evolving gases. In a first paper (29), they 
report the kinetics of the reaction of lithium borohydride in aqueous acid 
solution. Perhaps the most significant result is that the reaction measured 
is not the over-all reaction to give 4 M of hydrogen but rather the reaction 
to give 1 M of hydrogen and 3 M of diborane. The diborane subsequently 
reacts with water to give an additional 3 M of hydrogen. This apparatus 
has also been used to study the reaction of other borohydrides with water; 
even with shorter mixing times, the half time of the chemical reaction may 
be too fast to measure, and the slow step may be the mixing. 

Yost (30) has extended his study of rapid gas reactions to the reaction 


NO + NO: + H,0 — 2HNO: Ill 


and Swain (31) has used two opposing jets under a liquid to study the 
addition of lithium reagents to ketones. Certain assumptions had to be 
made about the extent of mixing to permit a calculation of the velocity 
constant. The problem of very rapid efficient mixing is of great importance 
in ignition delay and rapid propulsion and should be studied further. 


OXIDATION 


With the establishment of the facts that hydrogen peroxide is an inter- 
mediate in the low temperature combustion of hydrogen and the organic 
peroxides are intermediates in the vapor phase oxidation of the paraffin 
hydrocarbons, Cullis (32) has made a comparative study of the kinetics 
of reaction of a number of chloroparaffins with oxygen. The reactions seem 
to be essentially oxidations of the hydrocarbon chain of the molecule. The 
influence of the halogen is to increase the ease of oxidation ‘‘(a) by impairing 
the symmetry of a methyl group into which it is introduced, and (b) by 
exerting a direct inductive effect of its own.’’ When amino groups are 
introduced into the hydrocarbon molecule, Cullis & Smith (33) have shown 
that, although the attack probably takes place at a point in the hydrocarbon 
chain and the reactions are analogous to those for low temperature oxidation 
of the paraffins, the participation of NHz radicals in the mechanism may 
exert characteristic effects. In this connection, it may be of interest that 
Stephens & Pease (34) in studying the noncatalytic oxidation of ammonia 
reported occasional evidence of the oxides of nitrogen and indications of a 
trace of peroxide. The presence of the oxides of nitrogen suggests that one 
of the intermediates in both cases is an NH; radical. 

Additional kinetic studies and an extension of the mechanism of Bolland 
& Gee (35) have been made by Tobolsky et al. (36). It should be pointed 
out that, although peroxides and their associated free radicals are formed 
in the early steps of oxidation, the nature of the final products will depend 
to a great extent on the experimental conditions. For example, Rust & 
Vaughan (37) point out that the oxidation in the vapor phase of the lower 
hydrocarbons is greatly modified by the presence of hydrogen bromide. The 
products depend not only upon the point of attack of the oxygen which 
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determines the hydroperoxides or peroxides formed, but also upon the 
stability of these peroxides which, in turn, depends on the temperature, the 
medium, the acidity, and other experimental conditions. For example, in 
the presence of the ‘‘catalyst,’’ ethane is converted principally to acetic acid, 
straight chain paraffins mainly to ketones, and branched chain compounds 
chiefly to stable peroxides. Purists may question the use of the word “‘cata- 
lyst’”’ in this connection. 

The importance of the oxidation of hydrocarbons had led to an increased 
interest in the study of organic peroxides in general, and this subject will 
be reviewed in the next section. It should be mentioned that organic perox- 
ides are used not only as initiators for the oxidation of hydrocarbons but 
are also of prime importance in the initiation of polymerization reactions. 
In attempting to elucidate the kinetics of oxidation in the liquid phase, it 
has been necessary to seek improved methods for measuring the rate of 
oxygen consumption during the initial stages of the reaction. Boardman & 
Selwood (38) have used the magnetic susceptibility method to measure the 
rate of oxygen consumption during the initial stages of styrene poly meriza- 
tion. 

Badin (39) has studied the low temperature hydrogen atom initiated 
oxidation of hydrocarbons and has found that the organic peroxide inter- 
mediates contain the hydroperoxide group. Apparently the peroxides are 
formed by a wall reaction and the oxidation is strongly dependent on the 
nature of the surface, with water and phosphoric acid increasing the rate of 
combustion. Badin indicates that the reaction path is from paraffin to 
dehydrogenated paraffin to the peroxide intermediate which may be stabi- 
lized under the experimental conditions or react further to aldehydes and 
ketones. As will be indicated later, the stability of hydrogen peroxide 
is greatly affected by the wall, but in general, organic peroxides seem 
to show fewer wall effects. One cannot generalize this statement as, even 
in the case of hydrogen peroxide, the thermal decomposition under certain 
experimental conditions is homogeneous. 

The oxidation of butene-1 induced by aluminum borohydride (40) and the 
kinetics of the reaction of aluminum borohydride with olefins (41) have been 
studied. The reaction is first order with respect to the aluminum borohydride 
pressure and independent of the olefin concentration. The products contain 
boron alkyls which have been found to eliminate the induction period for 
aluminum borohydride-ethylene-oxygen explosions (42). A study of the 
kinetics of the oxidation of fumaric and maleic acids in the presence of 
osmium tetroxide shows that the rate controlling step is the formation of 
a complex of acid and catalyst (43). 


ORGANIC PEROXIDES 


As pointed out by Bartlett (44), the organic peroxides are conveniently 
divided into alkyl hydroperoxides, acy! hydroperoxides, dialkyl peroxides, 
and diacyl peroxides. Stable examples of these peroxides are tetralin hydro- 
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peroxide, perbenzoic acid, di-t-butyl peroxide, and benzoy! peroxide. It has 
been shown that the same peroxide may decompose largely by a free radical 
mechanism or largely by an ionic mechanism depending upon the conditions. 
For example, Leffler (45) found that p-nitro-p’-methoxybenzoy! peroxide 
appears to decompose symmetrically in benzene to yield almost equal 
amounts of p-nitrobenzoic acid and anisic acid, but in thionyl chloride, it 
yields a carboxy inversion which can scarcely occur by other than an ionic 
path. 

Vaughan et al. (46) have shown that although pure t-butyl hydroperoxide 
is relatively stable in the gas phase at 195°C. (only 10 per cent decomposition 
in 2 min. residence time) the addition of di-t-butyl peroxide accelerates the 
chain decomposition which consumes over 90 per cent of the hydroperoxide 
when the mole fraction of dialkyl peroxide exceeds 0.43 per cent. A hydrogen 
atom is readily lost by t-butyl hydroperoxide upon free radical attack to 
yield a t-butylperoxy radical. In the absence of oxygen, these radicals com- 
bine with alkyl radicals to form dialkyi peroxides which decompose to yield 
alkoxy radicals. With these entities as chain carriers, the hydroperoxide 
decomposes by a chain mechanism in the gas phase, the more rapidly when 
a less stable initiator is present. The major reaction product in the de- 
composition in the liquid phase of pure di-t-butyl peroxide is isobutylene 
oxide (47), whereas earlier work has shown that the decomposition of the 
same compound in various solvents yields t-butyl alcohol, acetone, and 
methane as the principal products. The decomposition in solution was first 
order with respect to the peroxide and was interpreted as a scission of the 
O—O bond, but in the case of the decomposition of the pure di-t-buty] per- 
oxide, there is an acceleration of the rate of peroxide decomposition. To ac- 
count for the decrease in half life of the di-t-butyl peroxide in the pure liquid, 
these authors propose the following reaction steps which are analogous in cer- 
tain important respects to the changes postulated to occur in the vapor phase 
decomposition. It is also concluded that these steps will apply to the photo- 
chemical decomposition. 


(CH3)s;COOC(CHs)s 2 2(CH3)3CO- 1Va 
or hy 
(CH;);CO- —> CH;COCH; + CH;: IVb 
(CH3)s3CO- + (CH;)sCOOC(CH3); — (CH3);COH + (CH;)sCOOC(CH3)2CH2- IVc 
CH;- + (CH3)s;COOC(CH;)3 > CH, + (CH3);COOC(CH;)2CH:2- IVd 





(CH3)sCOOC(CH3)2CH2- — (CH3)sCO- + (CHs)2C CH: IVe 


O 


The vapor phase decomposition of di-t-butyl peroxide in the range 140 to 
160°C. is a first order homogeneous decomposition (48, 49, 50). Although 
nitric oxide reacts with methyl radicals, there is no decrease in the rate of 
decomposition nor does propylene reduce the rate. This would indicate the 
absence of a chain reaction. The energy of activation is 39.1 kcal. As the O—O 
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bond energy is calculated to be 39 kcal., the rate determining step is taken 
to be the unimolecular fission of the O—O bond. The frequency factor of the 
Arrhenius equation is 3.2X10'* sec.—!- 

Szwarc & Roberts (51) have also studied the thermal decomposition of 
t-butyl peroxide, and although there is a difference in the rate in the presence 
of toluene, the log k versus 1/T plot yields an energy of activation of 34 
kcal. per M, and the frequency factor is 2 X10" sec.—'. This will be discussed 
further in the section on bond dissociation energies. 

The decomposition of t-butyl hydroperoxide and dimethylphenylmethyl 
(cumene) hydroperoxide has been studied in several organic solvents (52). 
For pure compounds, there is very little decomposition in the solvent 
benzene, but the addition of free radical forming reagents increases decom- 
position while oxygen seems to retard decomposition for the solvent benzyl 
alcohol. In the solvent benzyl alcohol, the rate of decomposition is appreci- 
able for both hydroperoxides, 1 M of water and from 0.6 to 0.88 M of alde- 
hyde being formed per mole of hydroperoxide decomposed. The decomposi- 
tion of cumene hydroperoxide in this solvent in the presence of dilute sulfuric 
acid was noted to proceed very rapidly, demonstrating that this reaction 
is subject to acid catalysis, yielding dialkyl peroxides and water. The de- 
composition of cumene hydroperoxide in the solvent benzyl] alchohol follows 
a pseudo first-order law, but the reaction may be complex as the apparent 
rate constant for the reaction increases with decrease of the initial hydro- 
peroxide concentration. The decomposition in the solvent di-n-butyl ether 
does not yield a straight line when the log of the percentage unreacted is 
plotted against time. Since a second experiment in the solvent containing 
decomposition products shows a higher rate of decomposition, it is evident 
that the decomposition is greatly accelerated by the products of the reaction. 
For the solvent mesitylene, the plots of log percentage undecomposed versus 
time are linear at concentrations less than 0.027 M. Stannett & Mesrobian 
have also studied the decomposition of cumene hydroperoxide in styrene 
monomer; their results will be discussed later in connection with the work 
of Williams. 

Lauroy! peroxide decomposes (53) at 30°C. about eight times faster in 
diethyl ether than in benzene. In both solvents, the reaction is first order, 
and the difference in rate has been ascribed to induced decomposition of the 
peroxide in ether. Edwards & Mayo (54) have studied the thermal decom- 
position of dilute solutions of acetyl peroxide in single and mixed solvents 
and investigated the gaseous and liquid products. For the solvent, carbon 
tetrachloride, they were able to account for 95 per cent of the methyl radicals 
and 87 per cent of the theoretical carbon dioxide. The results were not repro- 
ducible, the ratio of methane to methyl chloride varying unpredictably ex- 
cept in the presence of small amounts of acetic anhydride. No explanation 
was offered for the effect of acetic anhydride, and in the presence of the 
hydrogen-containing solvents, chloroform, cyclohexane, and toluene, the 
results were reproducible in the absence of anhydride. From the results in 
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carbon tetrachloride-solvent mixtures, the relative reactivity of the solvents 
with the radicals from decomposing acetyl peroxide are compared with the 
relative reactivities of some of these solvents toward the long-chain primary 
alkyl radicals in polymerizing ethylene and the substituted benzyl radicals 
in polymerizing styrene. These relative reactivities are quite different and 
the authors offer two alternative conclusions: (a) methyl radicals behave 
much differently than other hydrocarbons or—the preferred alternative— 

(b) decomposition of acetyl peroxide vields acetate radicals which decar- 
boxylate as they react. 

Fry, Tolbert & Calvin (55) have used C-labelled compounds to examine 
the mechanism of decomposition of diacetyl peroxide, and in general they 
confirm the mechanism of the reaction as proposed by Kharasch & Glad- 
stone (56) which is given below. 


(CH3COO)2 1 CO, + CH;- + CH;COO- Va 

CH;- + CH;COOH — CH, + -CH,COOH Vb 

2: CH,COOH — HOOCCH.CH:COOH Ve 

2CH;COO- — CH;COOCH; + CO, Vd 

(CH;COO)2 + CH;COO- — CH;COOCH; + CO: + CH;COO- Ve 


Farkas & Passaglia (57) have studied the thermal decomposition of 
cyclohexy!] hydroperoxide in cyclohexane solution at 150°C. and find that, 
at low peroxide concentration, the decomposition proceeds according to a 
first order law, but at higher initial concentrations the reaction is catalyzed 
by the products of decomposition. In the decomposition of bis-phenylacety] 
peroxide, Bartlett & Leffler (58) also find an accelerating effect of the prod- 
ucts of decomposition and have traced this accelerating effect to one of the 
reaction products, namely phenylacetic acid. They find the rate of decom- 
position to be a linear function of the concentration of phenylacetie acid, 
as is the case with other acids such as benzoic, monochloro-, dichloro-, and 
trichloroacetic acid. In fact, they find this is an example of general acid 
catalysis yielding a typical Brgnsted plot relating the catalytic constant to 
the acid strength. These authors conclude that bis-phenylacetyl peroxide 
can decompose according to conditions by both free radical and ionic mecha- 
nisms and that a C—C bond as well as an O—O bond must be broken in the 
rate determining step. When styrene is present, the slow decomposition of 
cumene hydroperoxide in xylene is greatly accelerated and a similar state- 
ment can be made for cyclohexyl hydroperoxide. By analogy with the equa- 
tion for the decomposition of potassium persulfate in methyl alcohol (59), 
the equation for the decomposition of cumene hydroperoxide in xylene con- 
taining styrene may be written as 

— d(ROOH) /di = k’(ROOH) (styrene) + k”(ROOH)*/? (styrene) !/?. VI 


If induced decomposition predominates, the second term on the right of 
equation VI is important. The applicability of the equation to experimental 
results is discussed (52). 
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The decomposition of benzoyl peroxide is a complex process involving 
not only a thermal first order decomposition but also an induced chain de- 
composition. The rate equation may be expressed as 


— dP/dt = kP + kP* Vil 


where P represents the peroxide and x gives the kinetic order of the induced 
reaction. Swain, Stockmayer & Clarke (60) have considered the various 
types of chain terminations and the value of x for each case which has been 
reported as 2.0 and 1.5: 
hy 
P— 2R:- Villa 
bh \ CsH COOH 
R- +S—S- or S- +< CgHe + CO- VILIb 
C.H;Cl + CO, 
— ———— + CO. idle 
CesHeCeH; + 2CO, 
S OCOC,H; 


VIlId 
S CsH; + CO» 


» kg 

S- +P SR: +4 
where S represents the solvent. In the solvents, benzene and carbon tetra- 
chloride, the data yield first order kinetics, but in solvents such as acetic 
anhydride, cyclohexane, and dioxane, the results indicate the presence of 
higher order contributions. However, in the presence of inhibitors (1 M 
styrene) the results show first order kinetics. By inhibiting the induced de- 
composition of benzoyl peroxide in dioxane with 3,4-chlorostyrene, the frst 
order thermal decomposition was studied for substituted benzoyl] peroxides. 
The data on 16 different meta- and para-substituted benzoy] peroxides fit 
the Hammett equation. The decomposition of benzoyl peroxide in aromatic 
solvents and carbon tetrachloride (61, 62) has been carried out in the pres- 
ence of iodine. The rate of peroxide decomposition is independent of the 
iodine concentration. There is evidence for the formation of benzoyl hypo- 
iodite. These authors have demonstrated by the quantitative conversion 
of peroxide to benzoic acid in the presence of iodine and water that decar- 

boxylation in the primary process of thermal decomposition is negligible. 
The decomposition of diisopropyl peroxydicarbonate was studied in 
ethylbenzene and in solutions of styrene in ethylbenzene and benzene (63). 
Dialkyl and substituted dialkyl peroxycarbonates and the related esters of 
mono- and diperoxycarbonic acids have also been prepared and the thermal 
stability as pure compounds and in solution determined (64). The decom- 
position of the more unstable esters is similar to that of benzoyl peroxide, 
following a first order law in dilute solutions and an induced chain de- 
composition in more concentrated solutions. Some work has also been done 
with inhibitors and the use of these compounds as polymerization agents. 
Cohen et al. have prepared six 1-azo-bis-arylalkanes and studied their 
stability in ethylbenzene (65). The rates of decomposition follow a first order 
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law with an energy of activation between 32 and 36 kcal. The efficiency of 
these compounds as initiators in the polymerization of styrene has also been 
examined. 

The thermal dissociation of methyldihydrothiophene-1-dioxides (66) has 
been studied and the energies of activation and frequency factors tabulated. 
A partial explanation of the effect of substitution has been given. Fordham 
& Williams (67, 68) have studied the decomposition of cumene hydroperoxide 
by ferrous iron in the presence and absence of oxygen. From consideration 
of the mechanism, steady state conditions and some simplifications, an 
equation for the initial rate of disappearance of ferrous ion is obtained: 


— d(Fe**) 


7 = 2k,(Fe**)(ROOH) IX 


and the data for their temperature range can be represented by the equation 
ki = 3.9 X 109 e-11-100/RT ], M1 sec,—, xX 


As equation X did not take into account the role of oxygen in the initial 
stages, the experiments were repeated in the absence of oxygen (69), and a 
lower value for k; was found: 


ky = 1.07 XK 10° ¢—12.000/R7 ], M-! sec.—, XI 


POLYMERIZATION 


A knowledge of the kinetics of polymerization and an accurate evaluation 
of the kinetic coefficients should yield useful information on the reactivity 
of free radicals which might be correlated with their structure. Quantitative 
understanding of the kinetics of the process of polymerization has been ad- 
vanced by resolving the separate rate constants. Significant contributions 
have been made by Bamford & Dewar, Burnett & Melville, Matheson, Auer, 
Bevilacqua & Hart, Bartlett, Swain & Kwart, and Dixon-Lewis. Continued 
interest in the field of polymerization has resulted in the development 
of several experimental techniques for measuring the rate coefficients. The 
rotating sector method yields the lifetime of the active species which, to- 
gether with a knowledge of the absolute rate of initiation, enables one to 
compute the velocity constants. The earlier determinations of the rate 
constants of the steps in the polymerization of liquid vinyl acetate by the 
rotating sector method were in marked disagreement which has led to ex- 
tensive critical studies of method. Some improvements, together with a com- 
parison of the results from different laboratories, have recently been reported 
(70). Bartlett & Kwart (71) have also used an improved dilatometric method 
to study inhibitors and retarders in the polymerization of liquid vinyl acetate. 
Melville & Valentine (72) have determined the rate coefficients for propaga- 
tion, termination, and transfer for the benzoyl peroxide photosensitized 
polymerization of styrene by a modified sector technique and have compared 
the results with the work of others. The benzoyl peroxide photosensitized 
polymerization of methyl methacrylate has been investigated and found to 
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be similar in mechanism to the direct photo-reaction (73). The results are 
compared to the photo- and thermal catalyzed reactions. 

Parravano (74) has shown that the polymerization of methyl metha- 
crylate is induced by NH; radicals generated at palladium surfaces by the 
catalytic decomposition of hydrazine. This is offered as another example of 
a chain initiator starting from a surface and propagating into the surround- 
ing medium. Barnes has followed an earlier paper (75) on the inhibiting role 
of oxygen in vinyl polymerization by reporting the isolation and structure 
of the peroxides formed (76). Mayo & Walling (4) have given such an excel- 
lent review of the recent work on copolymerization that the writer is content 
to add four additional references, two of which are marked “‘in press’’ in 
the review (77 to 80). 


PYROLYTIC REACTIONS AND Bonp DISSOCIATION ENERGIES 


Szwarc (3) has briefly reviewed the various direct methods which may 
be applied for the estimation of bond dissociation energies (81) and has 
surveyed extensively the pyrolytic studies used for the determination of this 
quantity. Extensive tables of bond dissociation energies and heats of forma- 
tion of various radicals are given in the appendix. Kineticists will not agree 
with some of the values given, but this review should stimulate additional 
determinations of bond dissociation energies. Daniels (1) has reviewed the 
work of Szwarc, Barton and others on pyrolytic reactions but the volume 
of data appearing merits further reporting. Szwarc (82) determined the 
velocity constant for the reaction 


C,H;CH; — CsH;CH:: + H- XII 


to be first order. It is important to realize the velocity constant was based 
on decomposition limited to 0.01 to 2.0 per cent. The study of the pyrolysis 
of ethylbenzene (83) was complicated by the formation of polystyrene on the 
walls of the tube leading from the furnace. The observations can be accounted 


for on the basis of a chain process, the methyl! radical being formed in the 
primary decomposition 


CsH;CH,CH; — CsH;CH:- + CHs:- XIII 


Szwarc avoided the complications of the chain process by the use of toluene 
vapor as the carrier gas. It had been demonstrated that the methyl] radical 
reacts very rapidly with toluene 


CoH, CH; + CH: — CsH;CH:- + CH, XIV 


producing methane and the benzyl radical (84) which dimerizes to dibenzyl. 
Szwarc made use of this fact, carrying out the pyrolysis in a stream of 
toluene vapor and determining the dibenzyl. He found reproducible results 
independent of the partial pressure of toluene. Most of the data are for 0.1 
to 6 per cent decomposition. The experimental energy of activation and the 
frequency factor were estimated as 63.2+1.5 kcal. and 1.010" sec.—. 
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The frequency factor for toluene and xylene is 2.0 to 2.510" sec. for 
each methyl] group or 0.7 to 0.8 X 10'8 for one C—H bond. 

Szwarc (85, 86) studied the pyrolysis of hydrazine which Elgin & Taylor 
(87) had reported to be heterogeneous. Szwarc also found the thermal de- 
composition to be heterogeneous, yielding hydrogen, nitrogen, and am- 
monia. However, by employing the technique used with ethylbenzene, he 
was able to demonstrate that the reaction 

NH, a> 2NH:2: XV 


is a homogeneous gas reaction of the first order. In the presence of a great 
excess of toluene, the NHg radicals are quickly removed by the reaction 
CsH;CH; + NH:- — CsH;CH2- + NH; XVI 


the rate of formation of dibenzyl giving the rate of XV. At 660°C. the reac- 
tion via XV and XVI is 2 per cent of the total decomposition and at 780°, 
30 per cent. Another method of eliminating the heterogeneous reaction 
would be to find an inert coating for the walls as was done for hydrogen 
peroxide (88). This would permit a direct determination of the homogeneous 
decomposition. Work along this line is now under way in the reviewer's 
laboratory. 
Szwarc also investigated the pyrolysis of benzylamine (8&6, 89), 
Cs;H;CH:NH: — CsH;CH2: + NHs2- XVII 
the pyrolysis of propylene (90), 
CH, = CHCH; — CH, = CHCH2: + H: XVIII 
the pyrolysis of butene-1 (91), 
CH, = CHCH,; — CH; — CH, == CHCH:- + CHs- XIX 
the pyrolysis of tertiary butyl peroxide (92), 
(CH;);CO — OC(CH;); — 2(CHs3)3:CO- XX 


and the pyrolysis of benzyl and allyl bromide (93). From these data, Szwarc 
calculated the C—C bond energy in ethylbenzene D(C—C)CsHsC2H; to 
be 63.2, the dissociation energy of the first N—H bond in ammonia to be 
104+2, the N—N bond energy in hydrazine D(H2N—NH)z) to be 60 +3, and 
the C—N bond energy in benzylamine to be 59+4 kcal. In a study of the 
thermal decomposition of nitromethane vapor by the static method, Cottrell 
& Reid (94) found the reaction to be of the first order, with velocity constant 
k = 10'4-%¢~82,700/RT sec! Since their experimental energy of activation is 
close to D(H;C—NO.,) as calculated from the heats of formation of CH3NOz:, 
CH:;, and NOs», they consider the rate determining step to be the fission of 
the C—N bond. Hillenbrand & Kilpatrick (95) investigated the same reac- 
tion by the flow method with nitrogen as carrier gas, and obtained 
k = 10!3-33g—50,600/RT coe —1 

Szwarc finds that D(CH.===CHCH:z—H) equals 77.3 kcal. per M, the 
O—O bond dissociation energy in tertiary butyl peroxide equals 34 kcal. 
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per M, and D(C,H;CH.-—Br) and D(CH=—=CHCH-z—Br) equal 50.5+2 and 
47.5+2 kcal. per M, respectively. Other pyrolytic studies include the pyroly- 
sis of isobutene (96, 97) with Szwarc giving k =0.5 X 10'¢~*7,000/ RT sec — and 
computing a bond dissociation energy D(C—H) which equals 76 kcal. per 
M. 

Barton (98) has studied the pyrolysis of 1,1,1-trichloroethane and finds 
that the decomposition proceeds simultaneously by a unimolecular and 
radical chain mechanism. The chain mode is inhibited by propylene, and the 
data over a limited range can be expressed by k =10!?-5%¢~47,900/RT see —1, 
Barton & Head (99) have reported the thermal decomposition of 2-chloro- 
propane to be nearly homogeneous and first order over the temperature 
range 367° to 406°C. with k,=10!3-440-2g—50,500t700/RT sec, Propylene, 
oxygen, and chlorine do not affect the rate. The data for 1,2-dichloropropane 
can be represented by the equation k; =10'3-S¢—4.900/RT sec, The mecha- 
nism is discussed, and the authors give a classification of unimolecular reac- 
tions based on the abnormality of the nonexponential factor. This table is 
interesting in view of Szwarc’s claim that he finds 10" for the nonexponential 
term in the initial rupture of hydrocarbon molecules. Maccoll (100) has 
given a preliminary report on the pyrolysis of n-propyl bromide and found 
k=7.2 X10%e~%.807RT as against k=2.11X10!%e-%-500/RT for allyl bromide 
(101), which is to be compared with Szwarc’s equation k = 5.10 X 10'e~47 500/RP, 
The primary step in the decomposition of alkyl nitrates is considered to be 
the breaking of the O—N bond (102). Phillips (103) has shown that such 
decompositions are retarded by nitrogen dioxide and has suggested that the 
primary step is an equilibrium reaction, 


RCHONO, = RCH,O- + NO, XXI 
nl 

Pollard et al. (104) have confirmed this for low NO: concentrations, but at 
higher concentrations there is an increase in rate. This is interpreted as a 
catalytic effect of NOs. 

Dorfman & Gomer (105) have considered the pre-exponential factor for 
some reactions of methyl radicals in photochemical reactions. From the data 
the activation energies and pre-exponential factors are evaluated for the 
hydrogen abstraction reactions of the type 

CH;: + RH = CH, + R- XXII 
relative to those for the association reaction of methyl radicals 
CH;- + CH;- = CH. XXII 


These authors find that the probability factor for the hydrogen abstraction 
reaction is 10~* if the value for the association reaction is unity. On the other 
hand, Szwarc & Roberts (106) use the various pyrolytic reactions to evaluate 
the energy of activation and steric factor for the hydrogen abstraction and 
the association reaction. From analysis of the data on the pyrolysis of 
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ethylbenzene, dimethyl mercury, and di-tertiary-butyl peroxide, they 
calculate that the steric factor for the reaction between toluene and methyl 
radicals, as well as the recombination of methyl radicals, is normal. This is 
contrary to the results of Dorfman & Gomer. Gomer (107) has estimated the 
half life of methyl radicals and the rate constant for the methyl radical 
recombination as 7 X10" (M per cc.)~ sec.—! at 185°C. The same author has 
reported that the reaction of methyl radicals with n-butane may involve 
mostly secondary hydrogens (108). Trotman-Dickenson & Steacie (109) have 
studied the reactions of methyl radicals with a series of paraffin hydrocar- 
bons, and they report that the energy of activation is greater for the abstrac- 
tion of a primary hydrogen atom by a methyl radical than fora secondary 
atom which is greater than for a tertiary hydrogen. The steric factor is at 
most 107%. 

The kinetics of the interaction of atomic hydrogen with olefins have been 
studied by Melville & Robb (110) by a new technique for measuring the 
efficiency of fast reactions of atomic hydrogen. The method consists of having 
a surface of molybdenum oxide and olefin compete for hydrogen atoms pro- 
duced by mercury photosensitized decomposition of molecular hydrogen. 
The collision efficiencies are calculated, and it is found that the reactivity of 
olefinic double bonds is practically unchanged by substitution. The energy 
of activation for a series of olefins is found to be 2.1+0.5 kcal. Calculated 
heats of addition are given, and the reactivities calculated from thermo- 
chemical and bond energy values. The agreement between experiment and 
theory is considered satisfactory. Benzene has a reactivity comparable to 
that of an olefin but acetylene is surprisingly unreactive. Dingle & LeRoy 
(111) have also noted a low collision efficiency of the reaction of acetylene 
with hydrogen, the rate equation being k=4X10~#Ze™ 50 RT cc, molecule“ 
ec“. 

As already mentioned, Badin (39) has studied the hydrogen atom initi- 
ated combination of hydrocarbons and found peroxide intermediates. Mc- 
Lane (112) has studied the reaction of hydrogen peroxide with hydrogen and 
the chain initiation in the hydrogen oxygen reaction. The evidence indicates 
no direct reaction between hydrogen and hydrogen peroxide molecules. 
It is reported that hydrogen-oxygen mixtures undergo reaction at lower 
temperatures if small amounts of hydrogen peroxide are added. 

Johnston & Mills (113) have studied the reaction between nitrogen pent- 
oxide and nitric oxide at 27°C. from a total pressure of 7,000 mm. to 0.07 
mm. The energy of activation at limiting high pressure was 21+1 kcal. per 
M and at the limiting low pressure, 14.5+5 kcal. per M. The results confirm 
the mechanism of Smith & Daniels (114) for the reaction between nitrogen 
dioxide and nitrogen pentoxide and the mechanism proposed by Ogg (11) 
for the decomposition of nitrogen pentoxide alone. Ogg (115, 116) has con- 
sidered the mechanism of the oxygen-nitric oxide reaction, and the quasi- 
unimolecular dissociation of nitrogen pentoxide (117, 118), and also the 
stability of nitryl chloride, CINO, (119). 
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MeEpIuM EFFECTS 


In a paper on rates of ionic reactions in aqueous solutions, Olson & 
Simonson (120) conclude that the rate is not dependent on the ionic strength 
of the solution but for reactions between ions of the same charge sign, the 
effect is caused almost exclusively by the concentration and character of salt 
ions of charge sign opposite to that of the reactants. This result has been 
considered revolutionary and surprising (1), but a careful reading of Brgn- 
sted’s papers should leave no grounds for surprise. In the first place, Brgn- 
sted pointed out that the Principle of Ionic Strength of G. N. Lewis, ‘In 
dilute solutions the activity coefficient of a given strong electrolyte is the 
same in all solutions of the same ionic strength,” cannot be more than a 
limiting law. The proof of this statement is given in a footnote of Lewis 
& Randall’s book, Thermodynamics (121). For the reaction between 
CoBr(NHs)s** and Hgt*, Olson & Simonson’s careful measurements with a 
spectrophotometer showed that the electrolyte effect was the same at the 
same perchlorate concentration regardless of the cations, which were 
sodium and lanthanum. It should be pointed out that in spite of the much 
poorer reproducibility of the measurements of Brgnsted & Livingston (122) 
which were carried out with an eye colorimeter, it is clear from their data 
that at a given ionic strength, the nitrates of barium, strontium, and lantha- 
num give somewhat smaller increases in rate than does potassium nitrate. 
The dependence of the specific rate upon the perchlorate concentration rather 
than upon the ionic strength is to be compared, according to Olson & Simon- 
son, with the electrolyte effect observed by Brénsted & Delbanco (123) in 
another reaction, 


-0.N = N — COOC.H; + OH- — N20 + CO; + C;:H;OH, XXIV 


the saponification of nitrourethane by hydroxyl ion. Brénsted & Delbanco 
found the specific rate approximately constant for the three solutions of Kt 
in spite of the large increase in ionic strength with increasing charge of the 
anion. The effects of cations of higher charge, Pt(NHs3)4** and Co(NHs)¢«***, 
were found considerably greater than that of the singly charged Kt. These 
findings Brgnsted & Delbanco pronounced to be in accordance with the 
Brgnsted principle of specific interaction of ions. Thus, in reactions between 
ions of like charge, the specific rate has been found to increase with increase 
in concentration of the ion of opposite charge provided by the solvent salt 
rather than with ionic strength. The reactions were of necessity studied at 
values of ionic strength in excess of 0.002, the figure frequently chosen as the 
upper limit of applicability of the Debye-Hiickel limiting law for uni-univa- 
lent electrolytes in aqueous solution. The observed departure from the 
equation 


log k = log k® + ZaZpvV/u XXV 


for these reactions is in the direction expected from Brgnsted’s principle of 
specific interaction of ions (124). This principle Brgnsted stated as follows: 
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“In a dilute salt solution of constant total concentration, ions will be uni- 
formly influenced by ions of their own sign.’’ The principle was tested and 
confirmed by solubility measurements. For a reaction between positively 
charged ions, the velocity constant in sodium perchlorate should be the same 
as in lanthanum perchlorate of the same perchlorate concentration if the 
ratio of salting out coefficients f(Na)/f(La) were unity. For a reaction be- 
tween negatively charged ions, the velocity constant in potassium chloride 
should be the same as in potassium sulfate of the same potassium ion con- 
centration if the ratio of the salting out coefficients f(Cl)/f(SO4) were unity. 
One would expect these ratios to be close to unity in solutions as dilute as 
those used by Olson & Simonson. 

When Br¢nsted proposed his equation for reaction velocity in 1922 (125), 


k = b%(fafs)/fe = RF, XXVI 


there was no Debye-Hiickel theory or limiting law, and Brgnsted evaluated 
his activity coefficients from solubility measurements in terms of the total 
equivalent salt concentration. Thus, in the saponification of nitrourethane, 
parallelism between velocity constant and potassium ion concentration was 
to be expected from Br¢gnsted’s original paper on reaction rates in which 
equation XXVI was presented for the first time. Considering that Br¢gnsted 
put into the table of activity coefficients the results of his work on solubility 
and that his original treatment leads one to expect the same rate for the 
reaction between nitrourethane ion and the hydroxyl ion in potassium chlo- 
ride, potassium sulfate, and potassium ferricyanide solutions of the same 
potassium ion concentration, it is hard to see why anyone was so surprised. 

When we come to equation XXV where the Debye-Hiickel theory is 
used to evaluate the “kinetic factor,” (fafs)/fx, we must remember that 
we are dealing with a limiting law which is not quantitative above u =0.002 
for uni-univalent electrolytes, and at lower values of uw for higher charge 
types. If one examines the history of the development of the important ad- 
vances in solution theory, one finds opponents and over-enthusiastic accep- 
tors. For example, the opponents of Arrhenius referred to the enthusiasts as 
the “Wild Army of the Ionians”’ and the enthusiasts went beyond Arrhenius; 
N. Bjerrum is still telling people who credit him with the idea of complete 
dissociation of strong electrolytes that he did not say that, and the equi- 
librium constant is not infinity. Debye still questions over-enthusiastic 
acceptance of his limiting law, and G. N. Lewis published Brgnsted’s note 
proving that the rule of ionic strength is only a limiting law even in aqueous 
solutions. Olson & Simonson may have rendered a service in swinging the 
pendulum back, but there is nothing revolutionary. 

Guggenheim & Wiseman (126) have applied the Brgnsted principle of 
specific interaction to kinetic salt effects on the inversion of sucrose and find 
that the formula ki =6.95 X10-°Cy X 107i% per min. expresses the experi- 
mental results where k; is the first order rate constant, the 6.95 107 is 
for 24.68°C. +0.05° and a sucrose concentration of 30 gm. per 1., Cy is the 
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concentration of strong acid, and c; the concentration of each anion in moles 
per liter. B; depends on the solvent, the temperature, and the nature of the 
ions 7 and 7. In accordance with the principle of specific interaction, the 
summation 2; extends only over ions of opposite charge to the ion 7. Since 
the ion 7 (H;0*) is positively charged, in this case the summation extends 
over all anions. B is evaluated from measurements with hydrochloric, hydro- 
bromic, perchloric, and nitric acids, and the experimental results compared 
with experiments in acid and salt, the molarity being less than 0.2 in all 
cases. Guggenheim finds good agreement (1 per cent) between experimental 
and calculated values for the univalent salts, but the differences are higher 
for 2-1 and 3-1 salts. Guggenheim also compares his data with those of 
others. Guggenheim attributes some discrepancies to uncertainty in temper- 
ature and makes the incorrect statement that other workers have stated 
nothing about the thermometers used (cf. 127). 

Bell (128) has continued his kinetic investigations of the incomplete 
dissociation of salts using kinetic methods to determine the hydroxyl ion 
concentration. The kinetic method involves certain assumptions, and one 
should look for concordant results from different reactions. Ritchie & Mc- 
Burney (129) have shown that small amounts of water in the medium, etha- 
nol, greatly inhibit the isomerization of neoabietic acid catalyzed by hydro- 
gen chloride. This marked effect of water was also observed in the isomeriza- 
tion of levopimaric acid (130) which is catalyzed exclusively by the solvated 
proton. The velocity constants for hydrochloric and hydrobromic acids are 
in accord with the Brgnsted equation for primary electrolyte effects. 


AcipiIc AND Basic CATALYSIS 


Kilpatrick & Kilpatrick (131) have shown that the hydrolysis of diiso- 
propyl! fluorophosphate is catalyzed by acids and bases and shows the usual 
relationship between velocity constants and acidic and basic strength. The 
electolyte effect on the hydrogen ion catalyzed decomposition was small and 
positive but the second order constant, ky,0*, decreased with increasing con- 
centration of hydrochloric acid. Subsequent experiments (132) in ‘‘swamping 
salt” showed this was not an electrolyte effect. A complete kinetic analysis 
of the results together with the data of Nylén (133) on the hydrolysis of 
diethyl phosphite indicate that the scheme commonly used to represent 
the course of a reaction catalyzed by acids and bases is inapplicable and the 
intermediate for acid catalysis cannot be the same as the intermediate for 
basic catalysis. 

Swain (134) has reported that the currently accepted hypothesis of two 
competing bimolecular mechanisms, one acid catalyzed and the other 
base catalyzed, is difficult to reconcile with data on the enolization of acetone 
in water solution. Instead there appears to be a single mechanism, which is a 
concerted push-pull process requiring attack by both an acid and a base 
(two separate species) in the rate determining step. This mechanism permits 
more definite identification of reacting species than was possible with the 
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Pedersen concept of duality of mechanism and more definite predictions of 
rate. The concerted picture is also compatible with data on the mutarotation 
of glucose in aqueous solution and appears necessary to explain metal ion 
catalysis of enolization in aqueous solution and various carbonyl reactions 
in nonaqueous solvents. Thus, the enolization of acetone in water and dis- 
placement reactions of organic halides in benzene solution are similar in this 
respect, requiring attack by both a nucleophilic and an electrophilic reagent 
in the rate determining step (135). 

The hydrolysis of triphenylmethy1 fluoride (136) is independent of hydro- 
gen ion concentration and is aided by p-alkyl substituents. The results are 
interpreted in terms of a carbonium ion intermediate. The results for the 
hydrolysis of triphenylsilyl fluoride do not support an analogous intermedi- 
ate but rather indicate a more negative intermediate with pentacovalent 
silicon. 

Bell has followed the study of the dehydration of acetaldehyde hydrate 
(137) by a study of the hydration of acetaldehyde (138): 


CH;CHO + H.0 = CH;CH(OH):. XXVII 


Both forward and back reactions show general acidic and basic catalysis, 
and the usual relation between catalytic constants and acid strength. Possible 
mechanisms are discussed. Bell & Wilson (139) have continued their syste- 
matic study of catalysts for the decomposition of nitramide. They find that 
tertiary bases are more effective catalysts than primary amine bases of the 
same strength. The halogenation of ketones and esters (140) reveals some 
unexpected results. In the general kinetic scheme where the rate is inde- 
pendent of the halogen concentration, 


k 
RH: + B- >RH- + BH XXVIIIa 
fast 
RH- + Br. > RHBr + Br- XXVIIIb 
k 
RHBr + B- > RBr- + HB XXVIIIc 
fast r 
RBr- + Br: > RBr. + Br-. XXVIIId 


From earlier work of Pedersen & Bell and others, k2>k;. For benzoylacetone 
ke=4$hi, for acetylacetone ky~1.8 kj, for acetoacetic ester ky~5.5 k, (140). 
(Pedersen obtained ko~11 k,.) The paper indicates a need of further experi- 
ments. 

The rate of dissociation of pseudo acids can be measured by following the 
uptake of bromine by a conductimetric method (141). The general equations 
are given as XXVIIIa tod. For a-ethylacetoacetic ester and methylacetyl- 
acetone which have one ionizable proton, equations XXVIIIa and XXVIIIb 
are sufficient and the plot of reciprocal of the resistance against time gives a 
straight line. However, in the case of malonic ester the reaction involves the 
dissociation of a second hydrogen and XXVIIIa to d are applicable. Pearson 
finds the rate constant for the dissociation of the second hydrogen is five 
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times greater than the first. Where the equilibrium constants are known, the 
rate constants for the reverse reactions of XXVIIIa and XXVIIIc are 
calculated. The conductance method for the bromination and a titration 
method for iodination have also been used to get the rate of dissociation of 
nitroethane and the rate of recombination (142). 

Berliner (143) has studied the reaction between aniline and iodine. The 
rate shows first order dependence on aniline and on titratable iodine. The 
reaction shows a water catalysis, a hydrogen ion catalysis, and general base 
catalysis. Alternative mechanisms in agreement with the kinetic data are 
given. The Berliners have also continued their studies of relative rates of 
bromination (144, 145). The relative rates of some 20 monoalkylbenzenes 
and 12 t-alkylbenzenes are reported. The order of reactivity is discussed in 
terms of hyperconjugation and steric strain. 

Just as the nitronium ion, NO2t, has been shown to be important in 
nitration reactions, the participation of the chlorine cation, Cl*, in chlori- 
nation has now been demonstrated (146). For anisole, phenol, and quinol 
dimethyl ether with hypochlorous acid as the halogenating agent, the rate 
is the same for all three compounds and depends only on the concentration 
of hypochlorous acid. For less reactive compounds, the rate becomes depend- 
ent on the concentration of the compound being halogenated. A preliminary 
report on the halogenation of olefins also indicates the importance of the 
chlorine cation as the most powerful electrophilic chlorinating agent (147). 

Ingold has continued his important studies on the kinetics and mecha- 
nism of aromatic nitration with a report on the nitration of phenols and 
phenolic ethers and the role of nitrous acid (148). Apparently nitric acid 
plays three roles, (a) it produces a strong nitrating agent; (b) it converts the 
aromatic compound to a nitration-resisting oxonium ion; and (c) it reacts 
with nitrous acid to suppress the nitronium ion. At the same time, nitrous 
acid plays three roles, (a) it forms a complex with phenol which is highly 
reactive to nitration; (b) it acts directly as a nitrating agent; and (c) as al- 
ready mentioned above, it reacts with nitric acid. Kinetically, the general 
equation for nitration 


Rate « [ArH]°{a + d[HNO,]!/2}— XXIX 
is replaced by 
Rate « [ArH]'{HNO,]!. XXX 


This is illustrated by the nitration of p-chloroanisole in acetic acid while the 
general equation is illustrated by the nitration of p-nitrophenol in acetic acid. 
In other cases, the mechanisms are superposed. In the nitration of dialkylani- 
lines (149), dealkylation takes place simultaneously with nitration, and in 
the case of the nitration of dimethyl aniline, as many as six intermediates 
are encountered. In another paper on nitration, the rearrangement of N- 
nitroamines is considered (150). The possibilities are intramolecular rear- 
rangement or conversion of the N-nitro compound into a C-nitro compound 
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by an external route involving intermediates. The authors conclude that 
the intramolecular mechanism predominates. 

Hughes, Ingold & Ridd (151) have considered the kinetics and mechanism 
of diazotization in weakly acidic aqueous solutions of nitrous acids. These 
authors find that in solutions of low hydrogen-ion concentration, the rate is 
zero order with respect to the amine and second order in nitrous acid. This 
is interpreted to mean that N,Q; is the nitrosating agent and the change from 
zero order to first order with respect to the amine as the hydrogen ion con- 
centration increases is parallel to the results for nitration by NO2* and chlori- 
nation by Cl". 

In connection with a study of the mechanism of sulfation of alcohols 
(152), Deno & Newman report that primary alcohols including neopenty] 
alcohol sulfated at comparable rates which were about 10-fold faster than the 
secondary alcohols. A plot of log ke for the rate equation d(ROSOsH)/dé 
=ko(ROH)(H2SO4) against Ho, the acidity function, gave linear relation- 
ships. Five mechanisms are considered, and although no final decision is 
given, the evidence indicates that the esterification of sulfuric acid by pri- 
mary and secondary alcohols to form alkyl sulfates proceeds predominantly 
by a bimolecular displacement reaction with no alkyl-oxygen fission. 

The reaction of a-amino acids with acid anhydrides to form a-acylamino- 
ketones is catalyzed by certain pyridine homologues and by other bases. The 
reaction is first order with respect to both the acylamino acid and basic 
catalysts (153). The catalytic constants do not appear to show the usual 
relation to basic strength and the results are discussed in terms of steric 
strain. The iodoform reaction is only quantitative in its reaction with ketones 
under certain specified conditions (154). Kinetic experiments show that the 
the competing reaction 3I0-—10;—-+2I- may be important. The reaction 
of diphenyldiazomethane with ethy] alcohol has been studied with p-toluene- 
sulfonic, picric, and hydrochloric acids (155) and exhibits general acid 
catalysis. 

HYDROLYSIS AND SOLVOLYSIS 


In his studies on the chemical effects of steric strain, Brown (156) has 
followed his study of the rates of hydrolysis of 12 tertiary aliphatic chlorides 
in 80 per cent aqueous alcohol with a report on the course of the elimination 
reaction (157). 








R R R 
ky (slow) \ 474 - 
R-C-X Z ? Cc + x XXXI 
R’ ky R 
R _R k.. (fast) + 
+) R3COH + H ‘ 
‘cy + HO " . XXXII 


kp Gast) ” olefin + H,0* 


The ratio kg/(ke+ks), which is identical with the fraction of olefin in 
the product, was determined by analysis for olefin and hydrogen ion. As 
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the number of bulky substituents is increased, there is a tendency for the 
olefin to increase toward the theoretical limit, 1.00. It is concluded that 
steric in addition to hyperconjugation effects must be considered in a com- 
plete theory of the effects of structure on the unimolecular elimination 
reactions of tertiary alkyl groups. In a third paper (158), the work has been 
extended to the tertiary bromides; the results are explicable in terms of the 
steric strain hypothesis. The rates increase in the order chloride, bromide, 
iodide and the changes of rate with change in R group parallel each other for 
the different halogens. 

A comparison of the solvolytic reactivities of nortricyclyl, dehydronor- 
bornyl, and norborny! halides in 80 per cent ethanol-water shows that nor- 
tricyclyl bromide is relatively unreactive (159). Rylander & Tarbell (160) 
have determined the apparent energies of activation and the corresponding 
PZ factors for the acid and alkaline hydrolysis of a series of alkyl acetates 
and thiolacetates. For the acid hydrolysis, the ester hydrolyzes more rapidly 
than the thiolester which is due almost entirely to the lower activation of 
the former. For the alkaline hydrolysis, no such generalization can be made. 
Long & Purchase (161) have studied the hydrolysis of B-propiolactone which 
is very similar to B-butyrolactone in that it has a water, a hydroxyl and a 
hydronium ion reaction. The interesting point of the paper is the use of the 
kinetic data and its correlation with the Hammett Hp function to decide 
between two of the possible mechanisms. The hydrolysis of p-nitrobenzyl] 
bromide together with the exchange reaction 


ki 
RBr + Cl-=— RCI + Br- XXXII 

-1 
have been studied in dioxane-water solutions (162). The thermodynamic 
quantities for activation of both reactions have been evaluated. Svirbely & 


Mador (163) have studied the alkaline hydrolysis of monoethyl malonate 
ion: 


COOC:Hs COOo- 

| | 

CH, + OH- — CH, + C:H,OH XXXIV 
COO- COO 


The energy of activation at zero ionic strength and the effect of electrolyte 
concentration on the velocity constant and on the energy of activation are 
reported. The influence of dielectric constant upon the rate constants is in 
good agreement with the Scatchard-Christiansen theory for dioxane-water 
mixtures. A kinetic study of the water reaction of ethylene fluoro-, bromo-, 
and iodohydrin (164) yields velocity constants increasing in the order 
F<CI<Br>I, with A and AE increasing in the order CI< Br< I. If substi- 
tution for hydrogen on the carbon holding the halogen influenced the acti- 
vation energy through changing the charge on the carbon by electron attrac- 
tion, the hydroxymethyl radical should decrease AE, and the methyl radical 





276 KILPATRICK 


should increase AE. The experimental results show the opposite is true. The 
hydrolysis of 2-fluoroquinoline (165) has been followed spectrophotometrical- 
ly in acid solution; 2-chloroquinoline does not hydrolyze under similar con- 
ditions. 

Rabinovitch & Alexander (166) have studied the alkaline hydrolysis of 
glucose pentaacetate, sucrose octaacetate, cellulose octaacetate, and the 
triacetyl derivative of monoacetone glucose in aqueous acetone by a conduct- 
ance method. They find that the primary acetate groups react at a slower 
rate than the secondary groups which have been shown to be glycolic in 
nature. The hydrolysis of ethyl] silicate (167) has been rather incompletely 
studied in aqueous hydrochloric acid and in dioxane-water and alcohol- 
water mixtures. Experiments are also reported for hydrolysis in basic media 
using sodium hydroxide. The results are somewhat puzzling as the rate is 
directly proportional to acid concentration and second order with respect 
to water and ester, while in alkaline solution it is proportional to the base, 
first order in ester, and independent of the water concentration. 

The kinetics of the hydrolysis of the sulfamate ion in acid solution (168) 
gives a second order rate law with the expected electrolyte effect. The high 
values for the energy and entropy of activation are accounted for on the basis 
of a mechanism involving a dipolar ion as an intermediate. The decomposi- 
tion of malonamic acid in aqueous solution (169) yields carbon dioxide and 
formamide. Over the range of hydrogen-ion concentration from 210-" 
to 2X10-? M, the velocity constant increases but levels off above 210™ 
M. Under the experimental conditions, the anion is stable and the results are 
consistent with the assumption that the molecular acid undergoes decomposi- 
tion. The mono- and di-potassium salts of diazomalonic acid decompose in 
aqueous perchloric acid, in acetic acid-acetate buffers, and in aniline- 
anilinium perchlorate buffers (170). The basic components catalyze the reac- 
tion in the general sense, and the results in perchloric acid can be inter- 
preted as a reaction with hydrogen ion or a reaction of the undissociated 
acid with a base. The effect of change in dielectric constant has been deter- 
mined for the alkaline hydrolysis of ethyl acetate in acetone-water mixtures 
(171). The general conclusion is that the enhancement of the effect cannot be 
accounted for in both acetone-water and ethyl] alcohol-water mixtures. It is 
concluded that the enhancement is solvent dependent. 

Brady & Jakobovits (172) have studied the effect of varying the cation in 
some organic reactions requiring an alkaline medium. These authors offer 
an explanation depending on the formation of co-ordination complexes after 
considering the possibility of incomplete dissociation of the base, the com- 
plications in mixed solvents, solvation, and other effects. Brady & Cropper 
(173) find that in the reaction between primary and secondary amines and 
1-chloro-2,4-dinitrobenzene, there are large differences between the rate 
constants which cannot be related to their basic strength. The importance 
of the role of steric effects is discussed. The velocity constants for aminolysis 
of esters with primary amines in the presence of ethylene glycol yield an order 
of reactivity which generally follows the basicities of the amines (174). 
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The reaction of m- and p-trifluoromethyl benzoic acids with dipheny]l- 
diazomethane (175) yields velocity constants indicating that the para sub- 
stituted compound is more reactive than the meta compound. This result is 
explained on the basis that the resonance of the trifluoro group plays an 
important role. The kinetics of the reactions of amines with esters has been 
studied in various solvents (176). Simple primary amines react rather more 
readily than ammonia, secondary amines much more slowly. In anhydrous 
methanol, the reaction is accelerated by the presence of methylate (177). 

Taft, Newman & Verhoek (178) give an excellent report on the base- 
catalyzed methanolysis of ortho, meta, and para substituted /-menthyl 
benzoates. The base is methylate and the reaction is found to be first order 
in ester and methylate; the PZ values are nearly constant for meta and para 
substituents. Activation energies calculated from Hammett’s o and p func- 
tions are in good agreement with experimental values. The authors also give 
a discussion of the ortho effect and present evidence that basic ester inter- 
change and basic ester hydrolysis are similar. Smith & King (179) have 
studied the reaction of mono- and dichloropropenes with ethoxide in abso- 
lute ethanol. The velocity constants are tabulated together with the energies 
of activation and the results discussed in terms of structure and mechanism 
of reaction. 


DECARBOXYLATION 


Sodium trifluoroacetate, like salts of other halogenated acetic acids, un- 
dergoes hydrolysis and decarboxylation. The trifluoroacetate does not de- 
carboxylate in water, ethyl alcohol, pyridine, aniline, or m-cresol (180). 
Decarboxylation of the sodium salt does occur at a conveniently measurable 
rate at 180°C. in ethylene glycol. The reaction is first order with an activation 
energy of 42,000 cal. per M to be compared with 31,600 for the first order 
decarboxylation of sodium trichloroacetate in the same solvent. Doering 
& Pasternak (181) have studied the decarboxylation of methylethyl-a- 
pyridylacetic acid to a-s-butylpyridine in neutral solution. 


ESTERIFICATION 


The esterification of cellulose with p-toluenesulfony! chloride (182) offers 
a possible means for measuring relative rates of esterification of primary and 
secondary alcoholic groups of cellulose. The esterification was heterogeneous, 
but the rate constant for substitution on the primary position was 5.8 times 
that for the secondary position. 

The acid-catalyzed esterification of dimethyl substituted benzoic acids 
(183) shows that the introduction of an additional methyl group in any 
position but the ortho makes little difference in the activation energy, and 
in general the velocity constant decreases with additional methyl groups. 
This statement is based on comparison with the velocity constants for the 
toluic acids. The relative rates are decreased by substitution in the ortho 
position but not in the meta or para position. The retarding influence of the 
2-position is probably steric in nature. Smith & Byrne (184) have prepared 
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the isomeric 1,2-, 1,3-, and 1,4-cyclohexanedicarboxylic acids and determined 
the rates of acid catalyzed esterification in methanol. The rate constants, 
ke, for 1,3- and 1,4- isomers as well as the activation energies are close to those 
for cyclohexanecarboxylic acid, k; being approximately twice ke, the velocity 
constant for the esterification of the second carboxyl group. The 1,2-acids 
are esterified much more slowly than the cyclohexanecarboxylic acids, but 
the general rule that the cis isomers will react more slowly than the corre- 
sponding trans forms is not followed. The results are explained in terms of a 
chair form cyclohexane ring and the separation of the carboxyls. 


ALKYLATION 


Hart & Simons (185) have investigated the alkylation of phenols in the 
para position with tertiary alkyl halides in the absence of any added catalyst. 
The reaction shows (a) first order rate dependence upon the tertiary halide, 
(b) a high power rate dependency upon phenol, and (c) a low activation ener- 
gy. The reaction is solvent dependent, being inhibited in dioxane and not 
occurring in anisole. A mechanism is proposed which is not unlike that pro- 
posed by Swain (186, 187). 

Pratt (188) has carried out etherification of phenylcarbinols in benzene 
catalyzed by p-toluenesulfonic acid by distilling off the byproduct water by 
azeotropic distillation. Certain transetherifications were also investigated. 
Pratt (189) has used the distillation method to follow alkylations with p- 
toluenesulfonic acid as a catalyst. The general reactions are 

ROH + C,H;R’ > p-RCELR’ + HO XXXV 
RO + 2CsH;R’ — 2 p-RCsH«R’ + H:O XXXVI 


where R=C,H;CH: and R’ =H or CH; 0r OCH;. Pratt has also used the dis- 
tillation method (190) to follow the rate of the Knoevenagel reaction. 


REARRANGEMENTS 


Hammond & Shine (191) have reported that the rate of rearrangement of 
hydrazobenzene in water-alcohol solutions of hydrogen chloride at constant 
ionic strength depends on the second power of the acid concentration. The 
authors conclude that it is the second conjugate acid of hydrazobenzene which 
undergoes rearrangement. They formulate the reaction as follows: 


hy + 
CsH;sNHNHCG,.H; + H+ CsH;NH,2NHC,H,; XXXVII 
+ ke > 
CsH;NH:NHC,;H; + H+ CsH;NH2NH2C,H; XXXVITI 
—2 
2. OS, 2 ks 
CsHsNH2NH2C.H; ay H2N CeHyCek I,NHe + 2Ht XXXIX 


If XX XVIII is the rate determining step, we should have general acid cataly- 
sis which is contrary to Dewar (192) who reported that the reaction is subject 
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to specific hydrogen ion catalysis and is first order in hydrogen ion. The 
kinetic data do not permit a decision between XX XVIII and XXXIX as the 
rate determining step. 

The rearrangement of vinyl] allyl ether to alkyl acetaldehyde (193) has 
been found to be a first order gas reaction, with an energy of activation of 
30.6 kcal. and a large negative entropy of activation. A cyclic mechanism 
has been proposed. 

Rieger & Westheimer (194, 195) determined the activation energy for 
the racemization of 2,2’-diiodo-5,5’-dicarboxybiphenyl and for 2,2’,3,3’- 
tetraiodo-5,5’-dicarboxybiphenyl. The experimental difference of 6.4 kcal. 
per M is in agreement with the calculated values. 


ISOMERIZATION 


In a continued study of the isomerization of the oximes, it has been shown 
that the main attack in alkaline hydrolysis of acyl aldoximes is by hydroxy] 
ions. Mechanism XL consists in the removal of a proton from the methane 
group, yielding a nitrile. 


(C) 
OH 
| iS) © 
es as ot + H:0—- R- + AcO. XL 
AcO—N AcO—N N 


Mechanism XLI consists in attack by hydroxyl ion at the carbonyl group and 
yields an oxime. 


R—C—H R—C—H RCH 
| 2 || I C) 
AcO—N -+ ON + HOAc — HON + AcO XLI 
tS) 
OH 


Mechanism XLII represents ionization of the acetyl derivative followed by 
formation of a nitrile or oxime. 


R + 
. Be 
RCH RCH N 
AcO-N =——— Wt + Aco® ; XLII 


Benger & Brady (196) suggest that XL and XLI are the principal mecha- 
nisms. Brady & Jarrett (197) have continued the study of the influence of 
nuclear substitutents on the relative amounts of nitrile and oxime produced 
in the alkaline hydrolysis, and Brady & Miller (198) have determined the 
rate constants in acid catalyzed hydrolysis. The reaction is first order, but 
the mechanism is thought to be bimolecular involving acyl-oxygen fission. 
The pyrolysis of acyl aldoximes has also been studied, and the rate constants 
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for various substituents determined. The reaction is first order, and it is 
suggested that the mechanism involves hydrogen bonding (199). The relative 
rates of decomposition of a- and B-o-iodobenzaldoximes by alkali to sali- 
cylonitrile are approximately 1:10 (200). 

The rates of liquid phase isomerization of a- and B-pinene have been de- 
termined (201). The rates are first order in pinene and unaffected by an inert 
diluent or the addition of weak acids or bases. The rates of oxime formation 
of a number of aryl alkyl ketones have been determined in anhydrous metha- 
nol containing a pyridine-pyridinium buffer (202). The reaction is irreversible 
and second order with generally decreasing velocity constants for the homol- 
ogous series methyl through heptyl, the largest decrease being for the first 
three members of the series. 

Benzophenone N-benzhydryloxime has been found to rearrange quanti- 
tatively to benzophenone O-benzhydryloxime at temperatures of 100° to 
200°C. (203). The reaction follows first order kinetics, and it is concluded that 
the mechanism is intramolecular, involving a transitory three-membered 
cyclic intermediate in which the benzhydryl group becomes attached to 
oxygen at virtually the same time that it is detached from nitrogen. 


MISCELLANEOUS REACTIONS 


From a consideration of the kinetics of the cyclopentadiene-chloranil 
reaction (204) and other bimolecular association reactions, Rubin & Wasser- 
mann discuss the role of steric effects when planar and nonplanar transition 
states are involved. Bartlett & Small (205) have studied the kinetics of at- 
tack by nucleophilic reagents upon the alcoholic carbon of B-propiolactone. 
They suggest a resemblance between the attack of reagents upon B-lactone, 
ethylene oxides, and ethylene sulfonium ions. The rate data show that the 
relative reactivities of the reagents are quite parallel. Winstein (206) has 
continued the study of the role of neighboring groups in replacement reac- 
tions in nucleophilic replacement processes. Qualitative and quantitative 
comparisons are made between the benzamido and acetoxy groups. The cis-2- 
benzamidocyclohexy! p-toluenesulfonate solvolyzes much more slowly than 
the trans isomer, and the order of reactivities trams to cis is calculated to be 
of the order of 1,000, a ratio which is similar to that found for the trans-2- 
acetoxy over cis-2-acetoxy compounds. 

Bartlett & Lewis (207) have shown that bis-8-chloroethyl ether does not 
undergo hydrolysis or displacement through a cyclic intermediate but does 
react with hydroxyl and thiosulfate ions. The reaction is second order and 
is faster for thiosulfate than for hydroxyl. Hammett (208) has extended his 
studies of the reactions between alkyl bromides and thiosulfate to methy] 
and isobutyl bromides. The results show with one exception an increase in 
activation energy when a and B hydrogens are replaced by methy] groups. 

The reaction of tri-p-biphenylmethy] and tri-p-t-butylphenylmethy] with 
toluene has been shown to be quantitative and first order in the triary]- 
methyl radical with activation energies of 22 and 21 kcal. (209). The decom- 
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position of ozone shows a first order dependence in ozone and an apparent 
one-half order dependence on hydroxyl ion concentration (210). 

The thermal decomposition of liquid formamide has been shown to give 
carbon monoxide and ammonia, while the reaction at higher temperatures 
gives hydrogen cyanide and water (211). The results of the uncatalyzed 
decomposition over the range 170° to 200°C. can be represented by the 
equation 

k = 104.2t05 9—39,400t1,000/RT_ XLII 


Reiber & Erway (212) have shown that the decomposition of a-diethy]- 
aminoisobutyronitrile in aqueous acid solutions at hydrogen-ion concentra- 
tions above 10~* proceeds through hydrolysis of the nitrile and that neither 
the amino alcohol nor the cyanohydrin is involved. Two consecutive first 
order reactions are involved with the intermediate being the immonium ion. 
At hydrogen-ion concentrations above 10~ M, both reactions are slow and 
the rate constant for the hydrolysis of the immonium ion has been calcu- 
lated. 

Friess & Farnham (213) have compared the relative rates of the reaction 


CHCl 
R—COCH; + C,;H;CO;H ae R—OCOCH; + C;H,;COOH XLIV 


where R=phenyl and cyclohexyl and found that the cyclohexyl compound 
reacts eight times faster than the phenyl. They also report that cyclohexyl- 
phenylketone reacts as slowly as phenylmethylketone but that the ratio of 
esters is 5:1 indicating a higher migration aptitude of the cyclohexyl over the 
phenyl group. Possible interpretations are discussed. 

Austin (214) has studied the kinetics and stoichiometry of the deamina- 
tion of glycine by nitrous acid and cleared up some of the anomalies in the 
Van Slyke determination of a-amino acids. The polarograph has been used to 
study the kinetics of the reaction of amides with formaldehyde (215). The 
reaction is initially second order, but the rate is dependent on the hydroxyl 
ion concentration. A mechanism consistent with the kinetic data is formu- 
lated which involves the combination of dehydrated formaldehyde with the 
anion of the amide. 
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INTRODUCTION 


The excellent review by Taylor (1) in the first volume of this series called 
attention to the gradual evolution of our present concepts of contact cat- 
alysis. Prior to 1940, the discussion of the mechanism of catalytic reactions 
had reached the point of including such factors as interatomic spacing of the 
solid catalysts, purity of the catalyst surfaces, presence or absence of active 
points, the extent and nature of chemisorption, the relative adsorbability of 
the various reactants and products, the surface areas of the catalysts, and 
the rates of exchange of the reactants and catalysts with the various perti- 
nent isotopes. The first scientific gatherings after the war, however, made it 
evident that a new factor had entered the thinking of those concerned with 
the action of solid catalysts. Discussions turned to the distribution of elec- 
trons through catalysts, to a consideration of the extent to which the various 
orbitals in the atoms making up the solids were filled, and to the possible 
influence of surface impurities on the electronic properties of solids. Solid 
catalysts became classified as conductors, semiconductors, or insulators. 

In continuing a presentation of the progress that has been made in the 
field of contact catalysis and surface chemistry, it seems wise to attempt 
both to reappraise the positions of our old landmarks in the field of cataly- 
sis and, at the same time, to outline and evaluate the newer points of view 
that are now being introduced. To this end, it will be convenient to discuss 
the recent work that has appeared in the field of contact catalysis and sur- 
face chemistry under five headings: adsorption, kinetics, the nature of the 
catalyst surface, the physics of the solid state in relation to catalysis, and 
finally, mechanism studies on particular reactions such as hydrogenation, 
cracking, oxidation, and Fischer-Tropsch synthesis. It is hoped that this ap- 
proach will help to retain in our current thinking all that is of value in our 
past ideas in catalysis and, at the same time, to blend these in with the newer 
ideas that are rapidly coming to the front and that promise to revolutionize 
the general approaches that will be used in the future in studying catalytic 
mechanisms. 

Unfortunately, space will not permit a detailed discussion of all of the 
fine papers that have been published during this past year. However, it is 
hoped that most papers have at least been listed in the bibliography. 


ADSORPTION 
Physical adsorption.—In the first volume of this series, Taylor (1) re- 


1 The survey of the literature pertaining to this review was concluded in Noveme 
ber, 1950. 
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viewed in detail the recent work (2, 3) that he and his students have done 
relative to the interrelationships between the Freundlich and Langmuir 
equations for expressing the adsorption of gases on heterogeneous surfaces. 
He emphasized the possibility of interpreting adsorption isotherms in terms 
of distributions of active centers on surfaces of the catalysts and called at- 
tention especially to the work of Halsey (4) who showed that the fundamen- 
tal assumptions upon which the Brunauer, Emmett & Teller (5) multilayer 
adsorption theory was based were not tenable. He concluded that the ob- 
served multilayers actually obtained in low temperature gas adsorption 
experiments presumably must be considered as due to the superposition of a 
number of step-wise adsorptions on a heterogeneous surface. It is important 
to note, however, that in spite of the shortcomings of the Brunauer-Emmett- 
Teller equation from a theoretical point of view, the surface area obtained 
by it appears to be generally accepted both by Halsey and other workers in 
the field (6, 12 to 17) as approximately correct. 

Comparatively little new work has appeared during the year on the 
theory of physical adsorption, either as monolayer or as multilayer adsorp- 
tion (7). Fergusson & Barrer (8) and also Hill (9) have discussed the deriva- 
tion of the Hiittig (10) multilayer adsorption equation. Both authors point 
out that the Hiittig equation has the same shortcomings possessed by the 
Brunauer-Emmett-Teller equation in that it does not take into consideration 
lateral interaction among the adsorbed molecules. In addition, according to 
Hill (9), Hiittig’s assumption of an evaporation rate proportional to the 
number of molecules in a given layer and independent of the number of addi- 
tional layers, is unsound. 

One of the aspects of physical adsorption that has received special atten- 
tion is the question of the measurement or calculation of the energy and 
entropy of adsorption both from single gases and from mixtures (11,18 to 
26). One such set of experiments merits special mention because of the tech- 
nique involved. By means of a very sensitive microbalance, Rhodin (27) has 
succeeded in measuring a physical adsorption isotherm for nitrogen at 
—195°C. on single crystals of copper whose true area was as low as 10 sq. 
cm. The isosteric heat of adsorption was calculated from the measurements 
to be about 3,500 cal. per M on the 100 face of copper and about 2,500 cal. 
per M on polycrystalline copper. 

One very striking result in the field of adsorption was obtained by Dickey 
(28). He found that if silica gel samples were prepared in the presence of 
methyl, ethyl, propyl, or butyl orange, the adsorptive capacity of each of 
these dried gels was highly specific for the particular indicator used during 
the gel preparation. This result, if confirmed, may have very wide applicabil- 
ity in suggesting the preparation of adsorbents for chromatography and for 
other uses in which one wishes the adsorbent to have specific adsorptive 
properties for particular molecules. 

More effective means have recently been announced for using adsorption 
isotherms to measure the pore size and pore distributions of catalysts and 
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other porous solids. By assuming that the capillaries are cylindrical, Bar- 
rett, Joyner & Halenda (29) have demonstrated how to correct for multilayer 
adsorption and to calculate the pore distribution (30, 31, 32) from an ex- 
perimental physical adsorption isotherm without making any advance as- 
sumptions as to the nature of the pore distribution curves. 

Chemical adsorption.—Recent papers on the theory of chemical adsorp- 
tion have been increasingly directed toward the appraisal of concepts 
concerned with the electronic structure of the adsorbents. By a statistical- 
mechanical analysis of the adsorption of a gas on a uniform surface, Miller 
(33) has concluded that, for immobile films, the heat of adsorption should 
fall off in almost a linear fashion as a function of the fraction of the surface 
covered. In contrast to this, for mobile films the heat of adsorption should 
be approximately constant until the surface is about one-half covered. 
His theory, when applied to the adsorption of oxygen on tungsten and 
hydrogen on tungsten leads to the conclusion that for both of these systems, 
the gases are adsorbed in fixed positions. 

Modification of the electronic structure of an adsorbed molecule in con- 
sequence of the formation of a weak covalent bond with the metal surface is 
treated by Huang & Wyllie (34). The authors point out that because of 
the very high ionization potential of hydrogen compared to the work function 
of most of the metals that are used as catalysts in hydrogenation and related 
reactions, it is not possible to account for the catalytic effectiveness in terms 
of simple electron transfer in either direction. They conclude: 


It thus appears probable that a representation of electronic conditions at the 
catalytic and metal surface in terms of Pauling’s resonating bond theory of metal 
structure with a formation of largely covalent bonds between definite metal atoms 
and the adsorbed reactants should give a reasonable physical approximation to the 
real situation. 


Eley (35) tests the adequacy of simple calculations based on Pauling’s theory 
by calculating the heat of adsorption of hydrogen on tungsten, nickel, and 
copper, oxygen on tungsten, nitrogen on tungsten, and ethylene on nickel. 
The calculation is made in a straightforward fashion by assuming that the 
heat of adsorption will be equal to the heat of making two W—H bonds 
minus the heat of dissociation of the hydrogen molecule. The value of the 
W—H bond is calculated by Pauling’s equation as one-half the sum of the 
energy of the binding energy of W—W and H—H bonds, a small correction 
term for electronegativities being included. The calculated heats of adsorp- 
tion for these various systems in general agree very satisfactorily with the 
experimental values. For ethylene, they lead to the conclusion that the 
ethylene molecule is adsorbed on nickel by merely opening up a double bond 
and attaching itself directly to a pair of nickel atoms. 

One other aspect of the Pauling concept of metals was mentioned by 
Ubbelohde (36). He pointed out that it is to be expected that the metal 
hydrogen bond will have an electronic behavior similar to that of the atom 
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one. place to the right in the periodic table. Thus, for example, PA—H should 
behave electronically like silver. In confirmation of this analogy, Ubbelohde 
pointed out that Pd—H, like silver, is readily wetted by mercury, whereas 
metallic palladium is not. Similar remarks apply to the Fe—H system. An 
iron surface cathodically charged with atomic hydrogen is readily wetted by 
mercury; ordinary iron is not. 

Two sets of experimental results are of interest in connection with hydro- 
gen chemisorption at low temperature and with the ortho-para hydrogen 
conversion. Rideal & Trapnell (37, 38) have found that even at—183°C. it 
is possible to detect a reversible chemisorption of hydrogen on tungsten that 
apparently is capable of accounting in a straightforward fashion for the low 
temperature ortho-para conversion over that metal. Kummer & Emmett 
(39) have found what appears to be a new type of hydrogen chemisorption 
on singly promoted iron synthetic ammonia catalysts at— 195°C. This chem- 
isorption is apparently capable of accounting for most of the ortho-para 
hydrogen conversion obtained at — 195°C. and also for the rapid occurrence 
of the hydrogen-deuterium interchange over such an iron catalyst. One of 
the earlier mechanisms suggested by Eley and by Rideal (40, 41, 42) for ex- 
plaining the low temperature hydrogen-deuterium exchange over a metal 
surface was found to be unworkable on the singly promoted iron catalyst. 
This was evidenced by the fact that gaseous deuterium would not at 195°C. 
remove a layer of chemisorbed hydrogen put on the catalyst at —78 to 
100°C., nor would hydrogen at —195°C. remove a layer of chemisorbed 
deuterium placed on the catalyst at about 100°C. 

In continuing their study of the measurements of the pick-up of hydrogen 
by thin metal films, Beeck and his co-workers (43) have apparently found a 
rather large solution of hydrogen in thin metal films between — 195°C. and 
0°. By comparing the magnitude of this dissolved hydrogen with the extent 
of surface area, the catalytic activity of the film, and the amount of chemi- 
sorption of carbon monoxide on the film, the authors have rather clearly es- 
tablished the existence of the phenomenon on thin metal films. However, in 
one of his last scientific statements, Beeck (44) informed the reviewer ‘‘Pre- 
liminary measurements on reduced nickel oxide catalysts apparently do not 
show the solution effect.” Accordingly, this solution effect noted by Beeck 
is for some reason presumably to be restricted to thin metal films (45). 

Two new attempts to provide criteria for distinguishing between phys- 
ical and chemical adsorption of gases on metal should be mentioned. Allen 
(46) found that the conductivity of a thin film of pure copper does not change 
at —183°C. in the presence of nitrogen, argon, or any other gas that normally 
would be expected not to react with the surface; on the other hand, either 
carbon monoxide, oxygen (47), nitric oxide, or even ethylene will cause a 
large change in the resistance. This method presumably satisfactorily dif- 
ferentiates between physical and chemical adsorption. Less effective in this 
respect were the experiments of Mignolet (48, 49) who found that the ad- 
sorption of hydrogen on nickel caused a negative contact potential, whereas 
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the adsorption of acetylene, ethylene, xenon, nitrogen, and ethane all caused 
positive changes in the contact potential. 


KINETICS 


One of the most valuable tools in the past for obtaining information rel- 
ative to the mechanism of catalytic reactions on solids has been the study 
of reaction kinetics. During the past year, progress has been made in extend- 
ing the application of the Eyring-type equation to a detailed study of the 
catalytic hydrogenation of ethylene over nickel, in obtaining new information 
relative to the influence of heterogeneity on catalytic reactions, and also in 
studying the dynamics of flow involved in interpreting the kinetics of cata- 
lytic reactions in flow systems. 

Eyring and co-workers (50), in a very careful analysis of the catalytic 
hydrogenation of ethylene over nickel catalysts, conclude that hydrogen 
molecules from the gas phase react with adsorbed ethylene to form ethane. 
The observed energy of activation, 10.7 kcal., is interpreted as being the 
difference between the average heat of adsorption of ethylene on nickel, 
41.5 kcal., and the heat of formation of an ethane molecule from gaseous 
ethylene and gaseous hydrogen. 

In an independent study of the question of the kinetics of ethylene hydro- 
genation over nickel, Laidler (51, 52, 53) has applied the Eyring-type treat- 
ment and has arrived at the conclusion that the most likely mechanism for 
the hydrogenation of ethylene is the reaction between adsorbed ethylene and 
adsorbed hydrogen molecules. The divergence of the conclusions of Eyring as 
compared to those of Laidler is apparently due to the fact that Laidler as- 
sumes that ethylene actually inhibits the hydrogenation if its partial pres- 
sure is sufficiently high, whereas Eyring and his group postulate that at high 
ethylene pressure, the rate merely becomes independent of the partial pres- 
sure of ethylene. 

The extent to which catalytic surfaces are heterogeneous and the influ- 
ence of such heterogeneity when present on the kinetics of catalytic reactions 
has been studied extensively by several authors. Eucken (54) has measured 
the catalytic hydrogenation of cyclohexene and of ethylene over a series of 
five or six different nickel catalysts. He arrives at the conclusion that the en- 
tire nickel surface can catalyze and that no special active centers have to be 
assumed to exist on the surface. In contrast to this, Levin & Roginskii (55) 
continue to analyze their results on the basis of heterogeneity on the catalyst 
surface. 

In this same connection, both Halsey (56, 57) and de Bruijn (58) consider 
in detail the question of the kinetics of ammonia synthesis and decomposition 
over iron catalysts as a function of the surface heterogeneity. Halsey points 
out that if the surface is heterogeneous, it is very difficult to be sure as to the 
slow step in a reaction. He concludes, for example, that for the decomposition 
of ammonia, the final slow process is apparently the evolution of nitrogen as 
molecules. However, another equally slow process could be the loss of any of 
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the three hydrogen atoms from the ammonia molecule. De Bruijn considers 
the kinetics of ammonia synthesis and decomposition from the standpoint 
of the original equation of Temkin & Pyzhev (59). The author's final con- 
clusions, however, are qualitative in view of the fact that he does not have 
any information as to the nature of the distribution function for the active 
points on the surface of the iron catalyst. 

Cremer (60) and her co-workers (61) have studied the relationship be- 
tween k and q in the usual kinetic equation, k = Ae~*/®?, For the decompo- 
sition of ethyl chloride to form ethylene and hydrogen chloride, Cremer and 
her co-workers found in all cases an exponential relationship between A and 
q. The catalysts used were lead chloride, barium chloride, cobalt chloride, 
nickel chloride, calcium chloride, and cadmium chloride. 

One fundamental problem in studying the kinetics of catalytic reactions 
that has received very little attention in the past has to do with the in- 
fluence of the pore size and pore distribution on the kinetics of a reaction. 
Although no direct contribution in this field has appeared during the past 
year, several papers have been related closely to it (62, 63). Carman & Mal- 
herbe (64), for example, measured the flow of gases through porous plugs 
and obtained information as to the relative amounts of flow through small 
pores occurring as surface diffusion compared to the amount of flow occurring 
by way of diffusion through the gas phase. May, Saunders, Kropa & Dixon 
(65) found that a number of the diarylethanes decompose so rapidly over a 
standard cracking catalyst at 500°C. that the rate of reaction was actually 
inversely proportional to the diameter of the particles used as catalysts. 
According to the analysis published a number of years ago by Thiele (66) 
and the analysis in the process of publication by Wheeler (67), this indicates 
that the reaction occurs so rapidly that the inner surface area of a porous 
catalyst contributes little to the catalytic reaction. 


SURFACE STUDIES 


In recent years, a great deal of attention has been paid to the problem of 
whether catalyst surfaces are homogeneous or contain active points. This 
subject today appears to be receiving an increasing amount of attention. 
Interest seems to have been greatly catalyzed by recent papers in which 
proposals have been made as to the influence of lattice defects and trace im- 
purities on increasing or altering active centers on catalysts. It will be con- 
venient to discuss the current work on the subject under three headings: 
magnetic studies, spatial factors and the activity of a catalyst, and newer 
work pertaining to evidence of the homogeneity or heterogeneity of catalyst 
surfaces. 

Magnetic studies —Selwood (68) and his co-workers (69, 70, 71) have con- 
tinued their series of experiments utilizing magnetic methods to obtain in- 
formation relative to the oxidation state of paramagnetic ions on catalyst 
supports, evidence apropos of intercation covalence, and finally, evidence 
pertaining to the degree of dispersion of paramagnetic catalysts on supports. 
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Both magnetic susceptibility and nuclear relaxation methods have been used. 
In one set of experiments on the catalytic decomposition of hydrogen per- 
oxide on supported oxides of manganese, they have found very striking 
evidence relative to the influence of valence induction on catalytic activity. 
When manganese oxide is supported on alumina, the valence of the man- 
ganese for low concentrations of manganese is three; when higher concen- 
trations of manganese are used, the valence induction effect is less operative 
and most of the manganese takes on a valence of four. For the rate of decom- 
position of hydrogen peroxide, a sharp maximum has been found in the ac- 
tivity at an oxidation state corresponding to a valence of about 3.6. The 
authors interpret the results as indicating that a combination of at least two 
adjacent manganese ions apparently is necessary to catalyze the hydrogen 
peroxide decomposition. 

Spatial factors and the activity of a catalyst—A number of years ago, 
Beeck (72) and his co-workers called attention to the fact that if metallic 
nickel films are formed by vaporizing nickel atoms from a wire on to a cool 
surface, the activity of the film is very much greater if all of the crystals are 
oriented in such a way that the 110 plane is parallel to the base upon which 
the nickel is deposited than if the crystals are oriented at random. Heretofore, 
however, no direct proof has existed as to the actual identity of the faces 
on the tiny crystallites that go to compose these filmsin the oriented or the 
unoriented films. Beeck (73) and his co-workers have now measured the 
surface area of oriented and of unoriented films by the Brunauer-Emmett- 
Teller method, using krypton, neon, methane, and butane as measuring 
gases. They conclude that the oriented films have mostly 110 planes exposed, 
whereas the faces of the crystals in the unoriented films are made up largely 
of 100 or 111 planes. 

In a second observation, Beeck & Ritchie (73) report substantially no 
difference in activity of an oriented nickel film and an unoriented film for the 
catalytic hydrogenation of benzene at 57°C. They found that an iron film 
was active for the benzene hydrogenation at 23°C. All of these observations 
are directly contradictory to the multiplet theory of Balandin (75) which 
postulated that only the 111 faces of certain of the face-centered metal 
catalysts, including nickel, had such spatial relationships as to be possible 
catalysts for the hydrogenation of benzene at temperatures below 200°C. Of 
course, it is possible that these metallic films are so active that the rules of 
Balandin, which have been found generally effective for bulk catalysts, no 
longer apply. In agreement with Balandin’s hypothesis, however, the authors 
did find that for the catalytic dehydrogenation of cyclohexane over platinum 
catalysts, the unoriented films were some 10 times as active as the oriented 
films. , 

The heterogeneity of a catalyst surface-—Traditionally, numerous adsorp- 
tion and kinetic experiments have been interpreted as indicating that the 
surfaces of metallic catalysts are for the most part heterogeneous. One such 
type of evidence has been that the heat of adsorption on the surface ordinarily 
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decreases rapidly as a function of the fraction of the surface covered with ad- 
sorbate. In recent years, however, it has become increasingly apparent that 
a decrease in the heat of adsorption can also result from repulsive forces 
among the adsorbed gas molecules. A few years ago, Roginskii (76) and his 
co-workers in Russia suggested a way of using isotopes to resolve the am- 
biguity arising from the interpretation of such adsorption data. He proposed 
adsorbing a gasin two isotopic forms in successive fractions and then evacuat- 
ing the catalyst to remove the adsorbate. If active points were present, the 
gas added first should come off last in evacuation. During the past year, 
Keier & Roginskii (77) have published extended data of experiments using 
hydrogen and deuterium on metallic nickel catalysts and also on zinc oxide 
(78) catalysts which they believe establish the heterogeneity of both of these 
surfaces. When a quantity of deuterium was first adsorbed on nickel cata- 
lysts at room temperature followed by the adsorption of about half as much 
hydrogen, evacuation at successively higher temperatures up to 220°C. 
yielded a gas that was almost pure hydrogen. The deuterium came off be- 
tween 300 and 500°C. 

In passing, one cannot refrain from expressing surprise over the fact 
that rapid surface diffusion and interaction of hydrogen and deuterium fail 
to occur on the nickel catalyst. Beeck (79) has obtained conclusive evidence 
on his metallic nickel films that hydrogen adsorbed at any temperature be- 
tween —183° and room temperature diffuses rapidly over the surface of the 
catal,st. Similar observations have been made by Eucken (54) and others on 
bulk nickel catalysts. One would, therefore, naturally expect that adsorbed 
hydrogen and adsorbed deuterium would rapidly exchange at a few hundred 
degrees centigrade, if not at room temperature. Yet, the observations of 
Keier & Roginskii seem to indicate that no surface diffusion and mixing 
occurs even up to 300°C. on nickel. 

Experiments similar to those described by Roginskii have recently been 
reported by Kummer & Emmett (80). By adsorbing radioactive carbon mon- 
oxide and ordinary nonradioactive carbon monoxide in succession on iron 
synthetic ammonia catalysts at temperatures ranging from —195 to —78°C., 
and then gradually removing the gas by pumping at successively higher tem- 
peratures, it has been possible to show that iron catalysts tend to cause the 
second added fraction to be evolved first. However, there is also a certain 
amount of instantaneous mixing of the two fractions. Consequently, the 
final conclusion has been drawn that about one-half the surface of the iron 
catalyst behaves as though it were homogeneous, and the other half behaves 
as though it were heterogeneous. 


CATALYSIS AND THE PHysICS OF THE SOLID STATE 


The general idea that catalysts might, in many cases, function as a result 
of being capable of ionizing one or more of the reactants adsorbed on the 
catalyst surface is not new. In 1926, Brewer (81), for example, proposed a 
theory for catalytic reactions in which he suggested that the reactants be- 
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come ionized on the surface of the catalysts and that the catalyst is able to 
function in speeding up the reaction by virtue of the fact that it permits 
reactions to take place between ions rather than atoms or radicals. Schmidt 
(82) and Nyrop (83) were other proponents of catalytic processes in which 
the capability of the surface to effect ionization of one or more of the react- 
ants was considered the primary criterion for an effective catalyst. These 
proposals, however, like that of Brewer, were not convincing (96) partly 
because they were made at a time when it seemed entirely possible to explain 
all catalytic reactions on the basis of atoms and perturbed molecules. 

In Volume 1 of this series of reviews, Taylor (1) outlined in great detail 
the experiments of Schwab (85), Dowden (86), Couper & Eley (87), Reyn- 
olds (88), Rienacker (89), Roginskii (90), Maxted (91), Volkenstein (92), 
and others who have contributed either theoretical ideas or experimental 
data or both to advance the notion that the electronic structure of metals 
is an all-important factor in determining their behavior for various catalytic 
reactions. 

Alloy experiments —Dowden & Reynolds (93) have extended their pre- 
vious experimental measurements on nickel-copper alloys by showing that 
the dehydrogenation of both formic acid and methanol at 253°C. decrease 
as the percentage copper in the original nickel catalyst is increased. However, 
for samples containing 50 to 100 per cent copper, the activity is still 10 to 
25 per cent of that originally possessed by the nickel instead of being zero, 
as for the hydrogenation of styrene. Nevertheless, both of these reactions are 
interpreted as indicating a close relationship between the d-band vacancies 
in the metal catalyst and the catalyst activity. For the decomposition of 
hydrogen peroxide, the authors find that the rate of reaction decreases as the 
per cent nickel in copper increases to 30 per cent nickel. This is interpreted 
on the basis of the Haber-Weiss (94) mechanism according to the equation 


H,0; + e = OH- + OH. 


Accordingly, the decomposition rate over alloy catalysts should decrease as 
holes appear in the d-band. 

These same authors have also investigated a series of iron-nickel alloys 
for the catalytic hydrogenation of styrene. They found that the activity in 
the iron alloy first appeared when at least 50 per cent nickel was present. 
The activity then increased in rather irregular fashion with percentage of 
nickel up to the pure nickel catalyst. In sharp contrast to the behavior of 
the nickel catalyst when copper is added, the number of holes in the d-band 
continually decreases with an increase in nickel content in the iron-nickel 
series. However, for the iron-nickel alloy, the coefficient of the electronic 
specific heat term increases sharply with the nickel content over the range 
80 to 100 per cent nickel. Accordingly, the authors suggest that the rise 
of activity between the 75 per cent nickel-25 per cent iron alloy and pure 
nickel must be attributed to the great ‘increase in the energy-density of 
electron levels at the Fermi surface.” 
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Couper & Eley (95), in their experiments on the para-hydrogen con- 
version for palladium-gold alloys, obtained evidence that the gold increased 
the energy of activation for the reaction by filling the holes in the d-band. 
These authors now find that the energy of activation for the conversion over 
palladium is very sensitive to pretreatment with hydrogen. Precharging pal- 
ladium with hydrogen atoms by the use of an electrodeless discharge in- 
creased the energy of activation from 3.5 kcal., the value for palladium, to 
11 kcal. 

Protons on metals.—In connection with these newer theories for the in- 
fluence of the electronic characteristics of metals on catalytic reactions, the 
question often arises whether gases such as hydrogen can actually be ion- 
ized by being adsorbed on the surface of a metal such as nickel. In discussing 
this question, Couper & Eley (95) state “On the theoretical side, our objec- 
tions are essentially the same as those of Emmett and Teller (96).” Their 
analysis leads one to conclude that all the ionization processes which might 
result in hydrogen ions on the surface of the catalyst are prohibitively endo- 
thermic, involving energies of activation of the order of 10 e. v. or 230 kcal. 
If this point of view is sound, one must accordingly be careful in postu- 
lating catalytic mechanisms that involve the formation of protons on the 
surface of metals. Dowden (97) presents a different point of view in dis- 
cussing this question of the possible existence of hydrogen ions on the surface 
of metallic catalysts, as follows: 


It is especially important now, in view of the successes of the carbonium ion 
theory in other fields, to keep an open mind about the presence of positive ions on 
metal surfaces. ... Any chemisorbed hydrogen, whatever the polarity of the bond, 
may function as a proton under conditions in which the presence of another species 
of large proton affinity, for example olefins, can lead to the production of strongly 
adsorbed carbonium ions. For example, Bremner (98) has given evidence suggesting 
that the hydrogenolysis of esters and alcohols is controlled by reactions involving 
carbonium ions at the surface of metallic copper. If this analysis is correct, then one 
must admit the presence of adsorbed species which are essentially positive ions not 
only at copper surfaces but at all active metal surfaces. 


One series of experiments on catalytic hydrogenation that merits mention 
in connection with a discussion of the electronic nature of catalytic hydro- 
genation over metals has been carried out by Nord (99) and his co-workers 
(100) over the past several years. They found that whereas a palladium 
catalyst was capable of hydrogenating nitrobenzene in solution at a rate 
that apparently was independent of other groups that might be present on 
the nitrobenzene molecule, the hydrogenation over either rhodium or 
iridium was highly sensitive to the presence of other groups, the electron 
shifting capacity of the substituent group apparently being a decisive factor 
in determining the rate of hydrogenation over iridium and rhodium. As a 
result of these experiments, Nord and his co-workers concluded that the 
hydrogenation over iridium and rhodium occurs through an ionic mechanism, 
whereas the hydrogenation over palladium presumably takes place through 
a mechanism involving atomic hydrogen. 
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Polarization and catalysis—A somewhat different approach to the in- 
fluence of electronic characteristics of catalysts on their effectiveness for 
catalytic reactions has been proposed by Weyl (101). He emphasizes that 
ionic deformation or polarization at the surface of a solid can greatly influence 
properties of adsorbed molecules. The author presents a large number of 
examples and polarization rules as evidence for his theory of the influence of 
polarization on catalytic activity. One example will perhaps suffice to illus- 
trate the ideas that he is offering. He points out that the decomposition of 
hydrogen peroxide is not appreciably affected by the presence of glass powder 
or alumina, or by silver ions in solution. On the other hand, this decomposi- 
tion is strongly affected by the presence of metallic silver or by silver ions 
adsorbed on glass or alumina. He interprets this to mean that the silver ions 
adsorbed at the surface of substances consisting largely of oxygen anions are 
polarized in such a way that the side of the silver ion pointing toward the 
glass or alumina surface has a lower electronic density than the side of the 
silver ion pointing toward the solution. Accordingly, the silver ion pointing 
toward the solution takes on substantally the character of a metallic silver 
atom and, therefore, catalyzes the hydrogen peroxide decomposition. This 
paper suggests much additional experimental work and may well tie in with 
many of the other ideas that are being advanced relative to the electronic 
structural characteristics of metals and semi-conductors and the influence 
thereof on the action of these materials as catalysts. 

Semiconductors.—A considerable amount of experimental work has been 
published relative to the behavior of semiconductors as catalysts. Griffith 
(102) and his co-workers report that the conductivity of molybdenum tri- 
oxide catalysts goes through a sharp minimum when promoted with 4.4 
atom per cent silica. This is the same promoter content at which he found that 
the activity appears to go through a maximum for the catalytic dehydro- 
genation of hexane. Bevan & Anderson (103) have shown that the conductivity 
of a small slab of highly compressed zinc oxide powder is constant at 500 
to 700°C. when the partial pressure of oxygen is less than 10-? mm. Hg. They 
conclude that a very low partial pressure of oxygen results in the formation 
of zinc atoms, which remain interspersed in the zinc oxide lattice and mate- 
rially affect the conductivity. 

Hiittig (104) discussed the large amount of work that he has done on the 
influence of one oxide on another in studying mixed oxide catalysts. He 
emphasized that the intermediate states in the transformation from an oxide 
mixture to a chemical compound are usually important to the theory of 
catalysis. The transformation takes place by the diffusion of the more mobile 
components. Other stages of activation include the internal diffusion of the 
mobile oxide, the formation of disordered crystalline aggregates, and finally, 
the filling of crystal defects. 

Catalyst types.—In classifying catalysts according to their electrical prop- 
erties, Roginskii (105) points out that reactions involving electronic transition 
such, for example, as hydrogenation and dehydrogenation, aromatization, 
etc., are catalyzed by solids with mobile electrons, such as metals, colored 
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oxides and sulfides, and ions with variable valency. A second group of reac- 
tions, such as isomerization, cracking, hydration, and dehydration, is 
catalyzed by solid dielectrics, such as silica, alumina, clays, and by homo- 
geneous catalysts which have no variable valency but are capable of forming 
complexes, such as AICl;, BF3, and ZnCly. He points out that catalysts of 
the first class, but not those of the second class, are very sensitive to im- 
purities and to lattice imperfections which alter the electronic transitions. 

In a recent article, Dowden (106) classified catalysts as conductors, semi- 
conductors and insulators. Using Pauling’s newer concept of transitional 
metal valence and the electron band theory, Dowden treats covalent bonding 
qualitatively with the result that bonding appears most favored and fastest 
on metals having vacant atomic d-orbitals, or a large density of electronic 
levels close to the Fermi surface. The activity of semiconducting catalysts 
is associated with the electron levels and lattice defects arising from the 
impurity centers. Insulator catalysts appear to function through a proton 
exchange mechanism which is particularly easy at cation defects. 


MECHANISM STUDIES ON VARIOUS TYPES OF CATALYTIC REACTIONS 


Catalytic hydrogenation.—Twigg (107) attempted to answer the question 
whether hydrogen adds to adsorbed ethylene over a metallic catalyst by 
contributing both atoms simultaneously or by adding one atom at a time. 
With this in mind, he carried out a catalytic hydrogenation of ethylene over 
nickel at —78° using, in one case, a 50-50 mixture of hydrogen and deuterium 
molecules and, in the other case, a mixture of hydrogen, hydrogen-deute- 
rium, and deuterium molecules. His experimental results showed that the 
deuterated ethanes obtained were the same from a He-De mixture as from a 
H2-HD-D, mixture and did not correspond to a 50-50 mixture of C2Hs and 
CH:D—CH:D. These results are interpreted as showing unequivocally ‘‘that 
addition of hydrogen to the double bond does not take place in a single act, 
but that the hydrogen molecule is first split into atoms which then add one 
at a time.”’ He proposes as a mechanism for the hydrogenation that the 
hydrogen is not adsorbed directly on the catalyst, but that the reaction 
takes place only as a result of a reaction of a molecule of hydrogen from the 
gas phase with a chemisorbed ethylene molecule to form an adsorbed ethyl 
radical and an adsorbed hydrogen atom. Hydrogenation is then completed 
through the addition of a further hydrogen atom to the ethyl radical. 

In summarizing the work that he and his group have done on the catalytic 
hydrogenation of ethylene, Beeck (108) brought to light a number of new 
experimental facts and observations. The new material may be briefly sum- 
marized as follows: (a) The adsorbed residue formed when ethylene is pre- 
adsorbed on a nickel film can be reduced off to form saturated polymers in 
the C, to Cs range; on rhodium this hydrogenation of the residue is much 
faster and forms ethane, primarily. (b) Pre-adsorbed ethylene lowers the 
activity of tantalum and tungsten five- to tenfold; nickel, 60 per cent; and 
rhodium and platinum, a few per cent. (c) At 23°C., pre-adsorbed acetylene 
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can be hydrogenated off rhodium readily, but off nickel very slowly. (d) The 
rate of hydrogenation of ethane is six times faster on oriented nickel than on 
the unoriented and 60,000 times faster over rhodium than over unoriented 
nickel. (e) For the hydrogenation of acetylene at 23°C., the activities increase 
in the order Fe, W<Ni<Rh< Pt<Pd. The energy of activation is about 
6.5 kcal. In the presence of ethylene, a selective hydrogenation of acetylene 
occurs. (f) For ethylene hydrogenation, tungsten has an activation energy 
of 2.7 kcal.; the other metals, 10.7. The reaction on tungsten presumably 
consists of the direct bombardment of adsorbed hydrogen by gaseous ethyl- 
ene molecules. (g) The fivefold greater activity for ethylene and ethane 
hydrogenation per unit area of the oriented nickel films compared to the 
unoriented films is probably due to the greater rate of formation of acetylenic 
complexes on the faces having the greater atomic densities. The higher the 
heat of adsorption of the initial quantity of ethylene on the metal, the lower 
is the activity. (k) Heats of adsorption of hydrogen and ethylene decrease 
with the increasing d-character of the metal bond. Furthermore, the logarithm 
of the activity of ethylene hydrogenation increases regularly with the 
d-character as calculated from the Pauling theory and increases linearly 
with the product of the valency and the per cent d-character. 

Turkevich and his co-workers (109) point out that in experiments con- 
ducted over a nickel wire, the catalytic hydrogenation of ethylene with 
deuterium yielded C,H, as one of the major initial products. This does not 
appear to be consistent with the conventional ideas expressed by Twigg 
(107) and others (110) relative to the mechanism of ethylene hydrogenation 
over nickel. Herbo (111) has studied the kinetics of catalytic hydrogenation 
of acetone and benzene over a nickel-zinc oxide-chromium oxide catalyst. 
He found the hydrogenation to be independent of the partial pressure of 
both hydrogen and the other reactant. The results are interpreted as indicat- 
ing separate adsorption sites for hydrogen and for benzene or acetone at the 
metal-promoter interface. A proposed mechanism involves the transfer of 
electrons from the nickel phase to the oxide promoter. Ubbelohde (112) is 
studying hydrogenation reactions in which the hydrogen is made to diffuse 
through a metallic septum and thus come in contact with the other reactant 
from the metal side of the monolayer rather than from the gas or liquid 
phase approach. 

Fischer-Tropsch synthesis—In summing up past work, one can conclude 
that there is apparently a nearly universal agreement (113 to 120) that the 
Fischer-Tropsch hydrocarbon synthesis does not occur through carbide for- 
mation as an intermediate. Additional evidence can be deduced from newly 
measured values (121) for the free energy of formation of FesC and Fe;C, 
showing that the reduction of bulk phases of these carbides to form un- 
saturated hydrocarbons that occur in actual synthesis is thermodynami- 
cally very unfavorable. Furthermore, FesC is probably not even a catalyst 
since it does not adsorb (122) appreciable quantities of carbon monoxide at 
synthesis temperature. Recently, it has been found (123) that radioactive 
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ethyl alcohol added to the synthesis gas mixture being passed over an iron 
catalyst at about 240°C. causes the radioactivity per molecule of hydrocarbon 
product to be constant and independent of molecular weight for C2 to Cio 
hydrocarbons. This presumably indicates that the adsorbed radioactive 
ethyl alcohol is capable of acting as a nucleus onto which additional carbon 
atoms are built to form the higher hydrocarbons. Furthermore, degradation 
experiments on propane formed during the synthesis have indicated that the 
carbon atom which was added to the adsorbed alcohol complex to form pro- 
pane attached itself to the a carbon rather than the B carbon of the alcohol. 
It appears, therefore, that the synthesis can be explained by the successive 
addition of carbon atoms to an initial oxygenated complex such as is formed 
by the adsorption of ethyl alcohol on the surface of the catalysts. 

Space does not permit reviewing in detail the large amount of experi- 
mental work that has been done in studying the various carbides of iron 
(122, 124, 125), nickel (126, 127), and cobalt (128) that might be present in 
Fischer-Tropsch synthesis catalysts and in studying the dependence of the 
reaction rate (129 to 133) upon the partial pressure of reactants, the partial 
pressure of products, and other variables in the process. However, it should 
perhaps, be mentioned that in addition to the well known cementite, Fe;C, 
and the carbide Fe2C, generally known as the Hiagg carbide (113), a hexagonal 
Fe.C (113, 129) has apparently very definitely been identified as forming 
by the reaction of carbon monoxide over iron. A carbide approximating FeC 
(134) in composition has also been reported. 

Research workers at the United States Bureau of Mines (135) have made 
the surprising discovery that by pre-carbiding or pre-nitriding iron catalysts, 
it is possible to control the properties of a catalyst in such a way as to 
practically tailor-make them to produce any desired group of hydrocarbon 
products. Presumably, the presence of carbides in the catalyst at the be- 
ginning of asynthesis run has a very decided influence on the rate and nature 
of the hydrocarbon synthesis reaction that occurs even though they do not act 
as intermediates. 

Calculations by Weller & Friedel (136), by Weitkamp (137), and by 
Anderson (138) during the past year from experimental data have all led 
to the conclusion that there is about nine times as great a chance for an add- 
ed carbon atom to go on the end carbon of a complex on the surface as to 
a number two carbon atom. In this connection, tracer evidence has indicated 
very definitely (120) that methane does not add onto or build into hydrocar- 
bons being formed over either cobalt or iron catalysts. This is in contradic- 
tion to certain claims that have been made as to the possibility of incorporat- 
ing methane and other hydrocarbons into higher hydrocarbons (139) over 
cobalt or iron catalysts (140). However, over nickel catalysts, Prettre and his 
co-workers claim to incorporate methane directly into higher hydrocarbons 
(141). 

Catalytic cracking—During the past year, several excellent papers 
(142, 143) have appeared representing the culmination of a great deal of 
experimental work tending to substantiate the formation of carbonium ion 
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on the surface of the catalyst during cracking. Tamele (144) and co-workers 
obtained evidence that the cracking catalyst was a strong high temperature 
acid by noting the high temperature required to desorb ammonia. They, 
determined the amount of the surface hydrogen ion to be about 0.4 m. eq. 
per gm. by titrating an active cracking catalyst with n-butylamine in a 
nonaqueous medium using p-dimethylaminoazobenzene as indicator. This 
indicator is adsorbed by and gives ared color to a number of strong solid acids 
including cracking catalysts. On the other hand, neither pure silica nor pure 
alumina displays any coloration as a result of being put in contact with this 
indicator. Finally, the authors showed that the activity of the cracking cata- 
lyst for cracking isopropylbenzene into propene and benzene was propor- 
tional to the square root of the surface concentration of hydrogen ion, 
whereas for propylene isomerization, the rate was a linear function of the 
surface hydrogen ion content. 

Milliken, Mills & Oblad (145) have arrived at a different picture of the 
surface of a cracking catalyst. As a result of an extensive study of the specific 
gravity of cracking catalysts containing various percentages of Al,O3; and 
on the basis of the general tendency of aluminum to form six-coordinated 
structures in its crystalline compounds, these authors concluded that crack- 
ing catalysts at high temperature consisted of six-coordinated alumina in 
contact with silica molecules and adsorbed water. On the approach of an 
olefin or of a basic molecule, the silica-alumina complex and adsorbed water 
are postulated to transform into the four-coordinated type of alumina that 
is usually assumed to be present in active silica-alumina cracking catalysts 
containing active hydrogen ions. To substantiate their view as to the lability 
of the oxygen atoms on the surface of a cracking catalyst, Hinden & Mills 
(146) have shown that H,O"* at 100°C. will exchange rapidly with all of the 
surface oxygen atoms. 

Postulating the formation of carbonium ions during catalytic cracking on 
the surface of a catalyst is one thing; proving the presence of such carbonium 
ions is another. Evans (147) claimed to have obtained direct evidence of the 
existence of such carbonium ions by spectroscopic means. The ultraviolet 
absorption spectrum of diphenylethylene dissolved in sulfuric acid has an 
absorption peak at 434 my which they attribute to the formation of a car- 
bonium ion with the hydrogen of the sulfuric acid. The same peak is observed 
when activated clay is suspended in paraffin and the diphenylethylene added. 
Presumably, the peak and the color are caused by the direct attachment of 
the diphenylethylene to the clay particles in the form of carbonium ions. 
May, Saunders, Kropa & Dixon (65) also claim to have some evidence for 
the carbonium ion theory on the basis of experiments that they have made on 
catalytic cracking of certain diarylethanes. They find that the effect of sub- 
stitution of various groups in such a series is exactly that which one would 
expect if one assumed that the cracking was taking place through a carbo- 
nium ion. Perhaps, however, the best evidence of the existence of a carbonium 
ion up to the present time is the excellent correlation between the calculations 
of Greensfelder and his group (148) on the composition of the products that 
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would be expected in catalytic cracking on the assumption of a carbonium 
ion mechanism and the observed values for the composition of catalytically 
cracked hydrocarbons. 

A different approach to the study of the cracking of hydrocarbons was 
made by Robertson (149) in measuring with a mass spectrograph the distri- 
bution of products obtained when various hydrocarbons are brought in con- 
tact with an incandescent filament at pressures of about 10-> mm. of mercury. 
He found that methane at about 1,000°C. gives methyl radicals but no 
methylene radicals; ethane dehydrogenates to ethylene without the forma- 
tion of ethyl radicals or methyl radicals. Butane pyrolyzes to form ethyl 
radicals, the main products being ethane and ethylene. This work is very 
reminiscent of the early experiments of Beeck and his co-workers in dehydro- 
genating ethane from a molecular beam on a strip of platinum at temper- 
atures above 1,000°C. 

In conclusion, attention should be called to two excellent papers on cata- 
lytic cracking discussed at a symposium during the year. Hansford and his 
co-workers (150) have studied the exchange between various saturated, un- 
saturated, and cyclic hydrocarbons and deuterium oxide on the surface of a 
cracking catalyst. Mills and his co-workers (151) have carried out similar 
experiments. This shows that unsaturated hydrocarbons exchange their hy- 
drogen very readily with deuterium oxide in cracking catalysts at tempera- 
tures in the range — 30° to 0°C.; normal paraffin hydrocarbons require several 
hundred degrees centigrade for such exchange. Neopentane and cyclo- 
hexane exchange their hydrogen atoms with deuterium on the surface only 
when the temperature is raised to about 350°C. 

Catalytic oxidation.—It is encouraging to note that the general field of 
catalytic oxidation is also now being attacked by use of isotopes. Vainshtein 
& Turovskii (152) have shown, for example, that a manganese dioxide cata- 
lyst prepared in such a way as to contain a considerable portion of O'* will 
not exchange the O'8 with either carbon monoxide, carbon dioxide, or air at 
temperatures at which the catalytic oxidation of carbon monoxide readily 
occurs. Exchange of these gases readily occurs, however, with any H,0'* that 
may be present in the manganese dioxide due to insufficient drying of the 
sample. It appears, therefore, that the catalytic oxidation of carbon monoxide 
over manganese dioxide does not proceed through a mechanism of alternate 
reduction and oxidation. 

Winter and his co-workers (153, 154, 155) have found that zinc oxide, 
thorium oxide, titanium oxide, gamma alumina, chromium oxide, and mag- 
nesium oxide exchange with O" O'%at temperatures ranging from 360 to 600°C. 
Over chromium oxide, the temperature coefficient of the exchange was 29.5 
kcal. up to a temperature of 410°C.; at higher temperature, it dropped to 
about 1 kcal. They have also established (156) that H,O'* exchanges much 
more readily than O"O"'* with these various oxides. For example, gamma 
alumina will exchange even at room temperature with H,O"* and the other 
oxides mentioned will exchange at or below 120°C. The authors point out, 
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however, that in all of these exchange experiments, the maximum amount of 
oxygen that is exchanged is equal to or less than a monolayer on the surface 
of the oxides as judged by the surface area measurements by the Brunauer- 
Emmett-Teller method. 

Catalytic oxidation is now being considered from the standpoint of the 
conductivity of semiconductors. Wagner (157) has proposed a tentative the- 
ory for the catalytic decomposition of nitrous oxide on metals and oxides 
(158) which involves quasi-free electrons as reactants and adsorbed oxygen 
ions as intermediate products. The conductivity of the cuprous oxide-cupric 
oxide system has been further studied by Garner, Gray & Stone (159) in 
connection with their effort to elucidate the mechanism of carbon monoxide 
oxidation by a cuprous-cupric oxide mixture. 

A new theory for the catalytic oxidation of ammonia over platinum 
catalysts has been proposed by Zawadzki (160). He gives reasons for suspect- 
ing that on the platinum surface the oxidation proceeds through the forma- 
tion of NH groups adsorbed on the catalyst. 

Miscellaneous.—In conclusion, it may be well to call attention to several 
summaries that have been published during the past year. Schmerling & 
Ipatieff (161) have discussed in detail mechanisms that have been proposed 
for the polymerization of alkenes. Their article covers the carbonium ion 
mechanism, ester mechanisms, methyl separation mechanism, hydrogen sep- 
aration mechanism, and hydrogen transfer mechanism for true polymeriza- 
tion. They discuss conjunct polymerization and macropolymerization at low 
temperature. In the same volume, Simons (162) presents a very detailed 
summary of work that has been done on hydrogen fluoride catalysts. This 
includes a discussion of all of the various types of reaction that hydrogen 
fluoride can catalyze and also the various mechanisms that have been pro- 
posed to explain the very complex reactions. 

In this same connection, attention should be called to the excellent 
pioneer work of Beeck and his associates (84, 163) in unraveling the various 
mechanisms of catalytic isomerization by using deuterium and C* in pro- 
pane and in various butane molecules. Their discovery that it is possible 
to transfer a tertiary deuterium atom from isobutane to the tertiary posi- 
tion on another isobutane molecule in exchange for a hydrogen atom over 
aluminum chloride containing hydrochloric acid without any exchange 
occurring between a deuterium atom of the isobutane and the hydrogen 
of the hydrochloric acid-aluminum chloride complex is very striking. 

In summary, one may point out that the progress that has been made in 
1950 on the fundamentals of catalysis augurs well for the future. The con- 
tinued use of radioisotopes and the physical approaches that are being used 
in considering catalysts from the standpoint of the theory of the solid state 
should combine to enable us to acquire rapidly a deeper insight into the 
mechanism of contact catalysis and the nature of the surface actions in- 
volved. 
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ION EXCHANGE’ 


By G. E. Boyp 
Oak Ridge National Laboratory, Oak Ridge, Tennessee 


INTRODUCTION 


Ion exchange occurs widely in nature, and its consequences have been 
known from the time of Aristotle? (6) who has remarked upon the use of 
sand filters for the purification of sea and impure drinking waters. Many 
other naturally occurring materials such as silk, wool, cellulose, various min- 
erals, and cell membranes exhibit this phenomenon. Unquestionably, its 
most important manifestation is in soils where it plays an essential role in 
the inorganic nutrition of plants. It is from the study of soils, in fact, that 
much of the foundation for our modern understanding of ion exchange was 
derived. In 1850, the two agricultural chemists, Way (188) and Thompson 
(174), reported the first systematic observations on ion exchange with clays, 
and their observations that the exchange of ions involved equivalent quanti- 
ties and that certain ions are more readily exchanged than others have stood 
the test of time. In the one hundred years since this pioneer work, an enor- 
mous development in the understanding of soils and their mineral structure as 
well as of the phenomenon of ion exchange has occurred. Ion exchange in 
soils is complex and even today probably not well understood. Despite the 
importance of the subject, it will not be mentioned further in this review. 
Fortunately, the reader may turn to the recent monograph by Kelley (100) 
on cation exchange in soils or to the book by Marshall (122) on the colloid 
chemistry of the silicate minerals for an authoritative discussion. The closely 
related topics of ion exchange in the naturally occurring mineral zeolites and 
in the synthetic aluminosilicates first extensively studied by Gans (59) will 
be passed over also. The recent important contributions of Barrer (10) on 
the mineral zeolites, however, are worthy of mention. 

This review will be concerned exclusively with the new synthetic organic 
ion-exchange polymers, the first of which was prepared less than 15 years ago, 
and with the development of this field which has occurred almost wholly 
within the past 10 years. During this relatively short time, not only have 
superior commercial materials for the large scale applications of water 
softening and de-ionization become available, but important new develop- 
ments in chemical separations techniques have become possible. Two exam- 
ples of the latter may be cited from an already large and growing literature, 


1 This review covers approximately the period from 1940 to 1950. 

2 “Why is it that waters near the sea are usually fresh and not salty? Is it because 
water which is allowed to percolate becomes more drinkable . . . ?”’ This reviewer is 
greatly indebted to Professor Albert Rapp and his student, Mr. Ralph Waldron, of 


the Classics Department, University of Tennessee, for finding this interesting refer- 
ence (6). 
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namely, the remarkable separations of the rare earths and actinides in the 
inorganic field and the no less remarkable separations of the amino acids 
and ribonucleotides in the organic field. The place of ion-exchange chromatog- 
raphy in chemistry seems assured, if only because of the essential part this 
powerful new tool has recently played in the discovery and isolation of the 
three new rare elements, promethium, berkelium, and californium. The ion- 
exchange separations technique is currently used primarily in an analytical 
and preparative fashion on a laboratory bench-top scale. The future for the 
large scale application of ion-exchange separations appears to depend in a 
decisive way upon practical engineering solutions of the problem of attaining 
a truly continuous countercurrent operation. Scientifically, the ion-exchange 
polymers have been found to be of great interest as objects in themselves, 
for they are high molecular weight, organic polyacids and bases, the salts 
of which are polyelectrolytes. The new organic ion-exchangers were invented 
and developed entirely in industrial laboratories under the stimulus of practi- 
cal needs without which it is doubtful that they would have been made avail- 
able as soon as has been the case. Their availability has encouraged basic 
studies many of which are currently in progress. In turn, these basic studies 
have suggested new possibilities for the technological manufacture of ion- 
exchange polymers which already have led to significant improvements. The 
development of the technology of ion-exchange manufacture is a brilliant 
chapter in the story of the ion exchangers, and some discussion will be given 
to it later. 

The whole field of research, both pure and applied, dealing with the 
organic ion-exchange polymers continues to be extremely active. Three books, 
one by Griessbach (80) in 1939, one edited by Nachod (134) in 1949, and one 
by Kunin & Myers (118) in 1950, have been published. A noteworthy general 
review by Duncan & Lister (54), as well as several excellent annual summaries 
since 1948 by Kunin on the applications of ion exchange to analytical chemis- 
try (113) and on ion exchange as a unit operation (114) have appeared. 
Quite recently reviews have been written by Tompkins (180) and Schubert 
(148). Over 35 research papers were presented at three symposia sponsored 
by the Colloid Division of the American Chemical Society in 1947, 1949, and 
1950. In addition, two American Association for the Advancement of Science 
Gordon Research Conferences were held in 1949 and 1950. An account of 
the proceedings of the latter has been published by Glueckauf (70). The 
subject of ion exchange also occupied an important portion of the recent 
Faraday Society Discussion on Chromatographic Analysis held in 1949 (51). 


SYNTHESIS AND CHEMICAL STRUCTURE OF ION-EXCHANGE POLYMERS 


Although an extensive patent literature has come into existence dealing 
with the technology of the production of ion-exchange materials, relatively 
few scientific publications have appeared in which sufficiently clear details 
have been given that some idea may be gained as to their probable chemical 
composition and structure. Fortunately, several accounts of preparative 
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procedures have appeared recently which should assure prospective investi- 
gators that these interesting new substances possess well-defined, repro- 
ducible compositions and structures and that they are, in some instances, 
suitable objects for careful basic studies. Since it is deemed essential that 
research workers be sufficiently acquainted with the details of ion-exchange 
polymer synthesis to be able to avoid some of the more obvious pitfalls, 
some space will be devoted to this topic. 

An account of the history of the development of the synthetic organic 
exchangers may be the best way to present the information available. The 
first of these important new materials was synthesized by Adams & Holmes 
(1) of the Chemical Research Laboratories, Teddington, England, to whom 
much credit is due for initiating what has since proved to be a revolutionary 
development. The weak acid and weak base properties of poly-phenols and 
aromatic polyamines were well-known. Adams & Holmes reasoned that, in 
the condensation of either of these with formaldehyde, a fraction of their 
polar groups would remain uncombined and that the Class C Bakelite-type 
resins so formed might be expected to show a capacity to absorb bases or 
acids, respectively, by virtue of the ionization of these groups remaining 
unaltered in the structure. The correctness of this view was demonstrated by 
these investigators, who also suggested a number of analytical applications 
for these condensates. The simple phenol-formaldehyde polymer, however, 
showed exchange properties only in strongly alkaline solutions and hence 
was not generally useful for such application as water-conditioning, where 
frequently neutral or acid waters are processed. 

Subsequently, Holmes (91a) and others modified this resin by introducing 
strongly acid nuclear or methylene sulfonic groups into its structure. Such 
strong acid cation exchangers may be prepared either by condensing phenol- 
sulfonic acid directly with formaldehyde or by conducting the phenol- 
formaldehyde condensation in the presence of sodium sulfite and sodium 
metabisulfite. Cation exchange materials of this general type became com- 
mercially available in this country in 1940 to 1941. Their properties have 
been amply reviewed by Myers (128 to 132) who has published a number of 
research papers on their performance. Physically, the sulfited phenol-for- 
maldehyde and polyamine-formaldehyde exchangers occur as granular solids. 
Chemically, they are fairly reactive, particularly toward oxidizing agents. 
They are polyfunctional by reason of the occurrence of both phenolic and 
sulfonic acid groups in their structure in the case of the cation exchangers, 
and of primary, secondary, and tertiary amine groups in the case of the anion 
exchangers based on polyamine-formaldehyde condensates. The organic 
cation exchangers show a practical exchange capacity equal or exceeding that 
of the older mineral zeolites or synthetic alumino-silicate preparations. The 
chemical structure of a condensation type strong acid ion-exchange polymer 
recently synthesized by Kressman & Kitchener (108) is shown in Figure 1. 

At about the same time as the work of Adams & Holmes, similar efforts 
appear to have been initiated in the I. G. Farben Laboratories at Wolfen, 
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Fic. 1. Cation exchanger from condensation of formaldehyde with phenol 
and sodium phenolsulfonate after Kressman & Kitchener (108). 


Germany. A number of quite interesting types of exchangers were produced, 
and some of their properties have been described by Griessbach (80, 81). At 
the close of World War II, detailed information on the methods of synthesis 
and the probable structures of these exchangers, known under the trade name 
of Wolfatit, became available (17, 184). Representative structural formulas 
for two of the Wolfatits, a carboxylic cation exchanger and a weak base amine 
anion exchanger, are given in Figures 2 and 3. 

A second and highly significant step in the evolution of the technology 
of the production of ion exchangers has taken place since 1945 in connection 
with the vinyl polymer field. The initiation of this important new basis for 
preparing organic ion exchangers is due to D’Alelio (43a), although several 
others apparently were very close to the same ideas. D’Alelio has based his 
invention on the idea of building up an inert three dimensional, cross-linked 
hydrocarbon network structure by the co-polymerization of styrene with 


COOH COOH COOH 


+ CH20 — 
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Fic. 2. Structure of weak acid cation exchanger (Wolfatit C) from condensation 
of 1,3,5-resorcylic acid with formaldehyde after van Royen (184). 
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divinylbenzene to which ionogenic groups could be attached to confer the 
property ion exchange upon the resulting material. According to a recent 
description by Hale & Reichenberg (83), the following steps may be taken: 


Styrene is copolymerized at 80° for 18 hours with ca. 10 per cent divinyl benzene, 
1 per cent benzoyl peroxide being employed as a catalyst. The copolymer was sul- 
fonated with concentrated sulfuric acid at 100° for eight hours using 1 per cent silver 
sulfate as a catalyst. The maximum capacity of the product (5.25 m. eq. of base per 
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Fic. 3. Structure of anion exchanger (Wolfatit M) from condensation of m-phenyl- 
enediamine and polyethylene-imine with formaldehyde after van Royen (184). 


gm. of dry hydrogen form) was independent of particle size and agreed with the value 
calculated for a monosulphonic acid. 


Somewhat more detail on the preparation of the hydrocarbon polymer 
may be found in the paper of Hohenstein & Mark (90). Usually, a suspen- 
sion-type polymerization is conducted in which the above mentioned liquid 
monomers are vigorously agitated in an aqueous medium containing a 
suspending agent such as bentonite, for example, which serves to prevent 
the spherical droplets formed from adhering to one another. The droplets 
may be forced to take on a pre-determined size by adjusting the degree of 
agitation so that the final preparation will possess the important virtue of 
being nearly monodisperse. The achievement of such preparations on an 
industrial production scale must be regarded as a remarkable attainment. 
At the conclusion of the polymerization, the beads are washed or steamed to 
remove residual amounts of unreacted monomers. A chemical structure for 
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the polymer is given in Figure 4 in which the ‘‘linear’’ polystyrene chains 
are seen to be cross-linked by divinylbenzene as indicated by the shaded 
hexagons. The extent of the cross-linking may be varied over wide ranges 
by changing the proportion of divinylbenzene. This product is the starting 
point for the manufacture of the nuclear sulfonic acid type cation exchangers 
as well as for a number of strong and weak base amine type anion exchangers. 
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Fic. 4. Structure of styrene-divinylbenzene addition copolymer. 


In the former case, strong acid groups may be introduced either by heating 
the hydrocarbon spheres with concentrated sulfuric acid or by a less drastic 
treatment with chlorosulfonic acid. On the average approximately 1.1 sul- 
fonic acid groups per benzene ring may occur in commercial products of the 
type described in some detail by Bauman (14). Sulfone formation may also 


~CH-CHp- -~CH-CH,- 
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occur to a slight extent; in one instance reported by Bauman & Eichorn (12) 
ca. 7 per cent of the total sulfur was combined in this manner. Possibly a 
few carboxy] groups are introduced by the oxidation of chain-ends, although 
nothing appears to be known on this point. The exchange groups appear to 
be distributed uniformly throughout the final spheres which are usually 
darkened somewhat as a consequence of the sulfonation. The observation 
that the exchange capacity is independent of the particle size supports this 
view. These new exchangers are unifunctional and show ion exchange over 
the complete pH range. They are stable towards nearly all chemicals, includ- 
ing strong oxidizing agents, and they do not lose their exchange capacity 
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when used at temperatures above 100°C. This type of material is marketed 
under several trade names.* 

The introduction of structurally bound, positively charged exchange 
groups into the polystyrene-divinyl benzene copolymer to produce anion 
exchangers is a two-step process. First, the hydrocarbon spheres are treated 
with chloromethyl ether in the presence of a swelling agent so as to introduce 
methylene chloride groups. Treatment of the chloromethylated product with 
a tertiary amine will produce the quaternary ammonium salt or a strong 


-CH-CH- -CH-CH,- 


+  CH30CH2C1 ——> +  CHgOH 1 
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base type anion exchanger. 
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The relatively high capacity exhibited by the sulfonic acid cation ex- 
changers has not as yet been achieved in the manufacture of the strong base 
anion exchangers. Capacities averaging from 2.3 to 2.5 m. eq. per gm. of 
dry chloride form have been reported (11, 118). Since this is but roughly one- 
half that for the analogous nuclear sulfonic acid cation exchanger, it may be 
inferred that on the average there is but one anion exchange group per every 
two benzene nuclei. Doubtless there are several reasons for this circum- 
stance. Reaction II must be conducted carefully so as to attach the methylene 
chloride groupings to the structure without causing them to react further to 
form methylene bridges in the structure and thereby increase the cross- 
linking. Possibly also steric effects may control the extent of II and/or III 
owing to the relatively large covalently bound chlorine atom. The strong 
base anion-exchange polymers usually show a good stability towards heat and 
many reagents when in the salt form. The free base or hydroxide forms are 
considerably less stable and will decompose slowly in some cases even at 


3 “Amberlite IR-120" manufactured and distributed by the Rohm & Haas Com- 
pany, Philadelphia, Pennsylvania; ‘‘Dowex-50" manufactured by the Dow Chemical 
Company, Midland, Michigan and distributed by the National Aluminate Corpora- 
tion, Chicago, Illinois; ‘‘Permutit Q” manufactured and distributed by the Permutit 
Company, New York, New York. 
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room temperatures. These useful new materials are commercially available 
under several trade designations.‘ 

The hydrocarbon structure strong acid and strong base exchangers just 
described were formed in two or more separate operations. In other cases 
using vinyl monomers, particularly in the manufacture of the weak acid 
cation exchangers, the ion-exchange copolymer may be formed directly. 
Hale & Reichenberg (83) have also reported the preparation of a cross-linked 
polymethacrylic acid ion exchanger as follows: 


The carboxylic type exchange resin was prepared from methacrylic acid and divinyl 
benzene. Commercial methacrylic acid redistilled in vacuo was polymerized with 
ca. 10 per cent divinylbenzene in the presence of 1 per cent benzoyl peroxide. Poly- 
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Fic. 5. Hypothetical structure of weak acid cation exchanger formed by addition 
polymerization of methacrylic acid and divinylbenzene. 


merization was carried out in a sealed tube at 60° for 24 hours. The product was 
treated with 2 N NaOH to remove soluble materials, washed and dried. The maximum 
capacity (9.2 m. eq. of base per gm. dry hydrogen form) was consistent with the 
value calculated from the monomer mixture. 


A representative chemical structure for this type of addition polymer is given 
in Figure 5. A suspension polymerization technique may be employed in 
this case also leading to spherical beads of ion exchanger. As would be ex- 
pected from the pK of the functional group, the unifunctional carboxylic 
polymers exhibit ion exchange only at pH values above approximately four. 
Conversion of the cation ion-exchange polymer from the acid to the salt 
form is accompanied by a pronounced swelling. This general type of product 
is commercially available.’ The copolymerization of maleic anhydride with 


4 “Amberlite IRA-400” and “Amberlite IRA-410" manufactured and distributed 
by the Rohm & Haas Company, Philadelphia, Pennsylvania; ‘‘Dowex-1" and 
“‘Dowex-2” manufactured by the Dow Chemical Company, Midland, Michigan and 
distributed by the National Aluminate Corporation, Chicago, Illinois. 

5 “Amberlite IR-50’’ manufactured and distributed by the Rohm & Haas Com- 
pany, Philadelphia, Pennsylvania. 
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styrene and divinylbenzene to form a unifunctional cation exchanger in which 
the carboxylate groups are vicinal has also been described (93a). The hetero- 
polymer formed in this case cannot be prepared by suspension polymeriza- 
tion techniques and, hence, is procurable only as a granular solid. Its prop- 
erties appear to be uninvestigated. 

The development of still other newer types of ion-exchange materials 
continues at a rapid pace with the tendency toward increasing chemical 
specificity by the added effects of chelation, etc. Skogseid (155) has de- 
scribed a resin based upon nitrated and reduced polystyrene which is reported 
to possess an unusual affinity for potassium ion. Its use has been suggested 
for economically extracting potassium from sea water. The synthesis of 
resin ampholytes has been attempted also. Gregor and co-workers (75, 76) 
have investigated various ion exchangers showing chelating properties, the 
most promising being that prepared from m-phenylene-diglycine, formalde- 
hyde, and a cross-linking agent. This product was reported to exhibit an 
increased selectivity for certain ions of the transition elements over that 
found with the usual carboxylic and amine type exchangers. Soldano & Boyd 
(156) have reported on a chelating polymer made available by Kuninin which 
the binding for copper ion was so strong that no self-exchange could be ob- 
served between divalent radio-copper ion in solution and the copper-chelate- 
resin. On the other hand, a rapid and complete exchange between radio- 
strontium ion in solution and the strontium “‘salt’’ of the resin was observed. 

The current situation as regards ion exchangers may be epitomized: Al- 
though the development of the ion-exchange polymers began with the con- 
densation and has evolved through the addition types, this progress has 
been essentially conservative. Only a few of the earlier types may be regarded 
as truly obsolete. This is because of the wide range of particular needs both 
for laboratory preparative and analytical uses, and for large scale applica- 
tions as with water softening and de-ionization, and in the sugar and pharma- 
ceutical industries. The various attributes of high exchange capacity, speed, 
specificity, durability, particle size, and cost usually must be considered in 
selecting the optimum ion-exchange material. A wide variety of types of 
organic polymeric cation and anion exchangers with differing specific ion- 
exchange properties have been synthesized and many of these are commer- 
cially available. There are cation exchangers, both mono and polyfunctional, 
whose exchange activities depend upon the presence in their structures of 
nuclear sulfonic, methylenesulfonic, carboxylic, and phosphonic acid groups 
as well as on phenolic groups. In principle, a wide variety of strong, inter- 
mediate, and weak base types of anion exchangers based on a chloromethy- 
lated polystyrene-divinylbenzene network can be made. Quite recently, a 
weak base material has become available.* Polyfunctional intermediate 


6 “Amberlite IR-45” manufactured and distributed by the Rohm & Haas Com- 
pany, Philadelphia, Pennsylvania; ‘‘Dowex-3” manufactured by the Dow Chemical 
Company, Midland, Michigan. 
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base’ and weak base materials* of undisclosed structure may be procured. 

Further amplification in ion-exchange properties may be obtained by 
varying the polymeric network structure, keeping the nature of the exchange 
group constant. Polystyrene-divinylbenzene copolymers with widely differ- 
ing cross-linking may be synthesized by changing the relative proportion of 
divinylbenzene. In effect, the porosity, as viewed on a molecular scale, can 
be altered with important resultant changes in the equilibrium and in the 
rate of its attainment as will be discussed later. Alternatively, keeping the 
cross-linking and the nature of the exchange group constant, it is sometimes 
possible to vary the number of exchange groups (i.e., exchange capacity) 
with interesting consequent changes in performance. For example, nuclear 
sulfonic acid cation exchangers may be uniformly desulfonated (13) to give 
exchangers showing markedly increased exchange velocities (158). 

Although methods for preparing ion exchangers either as irregularly 
shaped granules or as spheres only have been described, it is possible to cast 
some of these polymers into sheets and rods. The preparation and properties 
of homogeneous coherent ion-exchange membranes have been described by 
Juda & McRae (96), whereas Wyllie & Patnode (193) have fabricated mem- 
branes using heterogeneous mixtures compounded with conventional ion- 
exchange materials plus a binder such as polyethylene, etc. There is much 
current interest in these new forms which will doubtless be important for 
both science and technology. 


Basic PHysICAL CHEMISTRY OF THE ION-EXCHANGE POLYMERS 


It is possible to construct a physical model of a typical ion exchanger 
using the foregoing information on synthesis and chemical structure, and by 
it to attempt to interpret the physico-chemical properties of these materials. 
Thus, an organic ion-exchange resin may be described as a cross-linked three- 
dimensional molecular network containing structurally-bound ionogenic 
groups. The number of these ionized groups per unit mass determines the 
exchange capacity (usually expressed as m. eq. per gm.) or, inversely, the 
“equivalent weight” of the exchanger. Capacities of approximately 5.0 m. 
eq. per gm. moisture-free hydrogen form, corresponding to equivalent weights 
of ca. 200, are observed with the commercial sulfonated polystyrene-diviny] 
benzene types. Certain of the carboxylic types show equivalent weights as 
low as ca. 100; however, usually the combining weights for most exchangers 
lie well above 200. The polymeric hydrocarbon network may be characterized 
by the molecular weight or the number of monomeric units in the segments 


7“Tonac A-300” manufactured and distributed by the Permutit Company, New 
York, New York. 

8 “Amberlite IR-4B” manufactured and distributed by the Rohm & Haas Com- 
pany, Philadelphia, Pennsylvania; ‘‘Deacidite’’ manufactured and distributed by the 
Permutit Company, New York, New York; “Duolite A-2” and ‘‘Duolite A-3"’ 
manufactured and distributed by the Chemical Process Company, Redwood City, 
California. 
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lying between the cross-links. A possibly somewhat simplified representa- 
tion of this network is given in Figure 6 for a vinyl addition type sulfonic 
acid cation exchange polymer in a moisture-free condition, the cross-links 
being indicated by mesh tie-points. The segment molecular weight is essen- 
tially statistical in nature, there being no unique value, but rather molecular 
weight distribution analogous to that shown by many macromolecular sub- 


Fic. 6. Representation of molecular network structure of a strong acid cation ex- 
changer based on a polystyrene-divinylbenzene polymer. 


stances. The term “ polydictality” has been proposed by Uberreiter & Kanig 
(183) to characterize this mesh size distribution. The structurally-bound 
exchange groups, indicated by hydrogen ions in the figure, are distributed 
randomly throughout the structure. The observed independence of the ex- 
change capacity of particle size and x-ray diffraction results taken on the 
barium form of a cation exchanger by Zachariasen (194) are consistent with 
this view. 

Consider now the progressive hydration of the indicated structure when 
the exchanger is immersed in water vapor of varying pressure: As would be 
expected, the first increments of water are strongly taken up by the polar 
exchange groups until these become fully hydrated, after which the absorp- 
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tion becomes more gradual with increasing pressure. Reversible isotherms 
have been obtained by Gregor et al. (77) which are sigmoid in shape and re- 
semble that found with sulfuric acid. The hydration at all pressures decreases 
from a maximum forthe hydrogen form through lithium, sodium, ammonium, 
and potassium with the silver salt holding the least water. This lyotropic 
sequence is the same as that obtained for the relative degrees of hydration 
of these cations from a variety of other measurements recently reviewed by 
Bockeris (19). The uptake of water by the exchanger will not increase in- 
definitely as the pressure approaches saturation, however, since it is observed 
that each homo-ionic form when immersed in pure liquid water will imbibe 
only a definite maximum amount. It is to be expected that the positions of 
the water isotherms will depend not only upon the salt form but also upon the 
exchange capacity, the cross-linking, and probably the temperature. 

The immersion of the moisture-free salt (or acid and base) forms of either 
cation or anion exchangers in pure water is accompanied by an appreciable 
heat evolution, the magnitude of which depends upon the nature of the ion(s) 
in the exchanger. The magnesium form of a commercial nuclear sulfonic 
acid-hydrocarbon type exchanger has been said to evolve the least heat per 
gram (15). A dependence of the heat of hydration upon exchange capacity 
and cross-linking is anticipated. 

Significant volume changes in exchangers also occur during hydration. The 
polymer network evidently must expand to allow the initial hydration of 
the exchange groups. Further swelling results from the uptake of water be- 
cause of osmotic forces. The swelling is limited, however, because of the 
retractile stresses set up in the distended molecular network. The volumes 
at maximum swelling (i.e., of the so-called ‘‘wet swollen forms’’) in pure 
water are dependent upon the ionic composition of the exchanger (78), the 
exchange capacity, and the cross-linking (25, 78). Although an initially dry 
ion-exchange polymer will increase its volume upon immersion in pure 
water, a net volume decrease in the system must occur. This has not as yet 
been demonstrated. Swelling is accompanied by a decrease in the entropy 
of the molecular network because segments between cross-links possess fewer 
degrees of freedom. The water in the wet swollen exchanger (i.e., water of 
gelation) seems to be completely mobile as suggested by its rapid and com- 
plete exchange with external heavy water (2). The water of gelation, for rea- 
sons of convenience, may be regarded arbitrarily as of two types: water of 
hydration associated with the structurally-bound exchange groups and with 
the exchanging ions, and “‘free’’ independently diffusible water. The exchang- 
ing ions considered to be dissolved in the water of gelation form a solution of 
relatively high stoichiometric concentration as may be estimated from the 
composition of a typical exchanger: One gram of the hydrogen form of a 
sulfonated polystyrene-divinylbenzene exchange polymer made with 8 per 
cent divinylbenzene will contain approximately 40 per cent moisture and an 
exchange capacity of roughly 3.0 m. eq. per gm. in the wet swollen state. 
This composition gives a stoichiometric molality of 7.5 for the gel solution. 
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The gel electrolyte, although of a quite appreciable concentration, appears 
to be largely dissociated. The rapid self-exchange of ions in an exchanger with 
ions in an external aqueous solution as revealed by radio-tracer experiments 
(22) is consistent with this view and with the hypothesis that the molecular 
network must be a fairly open one. The observation that the acid forms of 
cation exchangers behave as good esterification catalysts (86) may also lend 
support. Complete dissociation, however, need not be assumed. Ion associa- 
tion and specific ionic interactions unquestionably may play an important 
role in the concentrated gel solutions. The ion-exchange gel electrolyte is 
demonstrably of a very special type, since it contains a nondiffusible struc- 
turally bound anion or cation. Hence, although the ‘‘exchangeable”’ ions may 
be dissociated, they are not free to escape from the gel phase into external 
pure water. 

If cation and anion exchangers are correctly regarded as high molecular 
weight organic polyacids or polybases, they might be expected to show char- 
acteristic electro- and thermochemical properties. Perhaps the best inves- 
tigated of these are the pH titration curves which are conveniently employed 
to estimate exchange capacities (72, 117, 181) and which resemble curves ob- 
served in the titration of the monomeric acids or bases from which the 
exchangers hypothetically may be derived. The curve for the titration of the 
acid form of a sulfonic acid type cation exchanger with sodium hydroxide 
is quite similar to that observed in the titration of strong mineral acids with 
this reagent, those for the carboxylic exchangers like that for acetic acid, 
those for the titration of the base form of strong base quaternary amine anion 
exchangers with hydrochloric acid similar to that for the titration of sodium 
hydroxide, etc. This parallelism, however, is not exact, and the Henderson 
equation is not obeyed in the titration of the weak acid and base exchangers. 
There is also a pronounced neutral salt effect in the titration of ion exchangers. 
Exact quantitative determinations of titration curves are desired and will 
be needed to test the recent theory of Katchalsky (97). Ion exchangers should 
exhibit ionic conductivity, and this has been demonstrated with cation ex- 
changers by Heymann & O’Donnell (87). Ionic transport phenomena are to 
be expected, and qualitative observations have led to the conclusion that 
pronounced zeta potentials may exist at the interface between ion-exchange 
particles and external electrolyte solutions. The thermochemical properties 
of the synthetic organic ion exchangers are scarcely known. The heats of 
neutralization of the strong acid and base forms are expected to be large, 
whereas small heats of ionic exchange may be anticipated. 

A somewhat more general aspect of the partition of electrolytes between 
an external aqueous solution and the gel phase of the exchanger will be dis- 
cussed before taking up the subject of ion-exchange equilibria in detail. Con- 
sider the redistribution of ions in the system formed by immersing the wet 
swollen, homo-ionic form of an exchanger in an aqueous solution containing 
a single electrolyte, one of whose ions is the same as that in the exchanger. 
As an example, immerse the wet swollen pure hydrogen form of a strong acid 
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cation exchanger in a solution of hydrochloric acid. Two important effects 
will be noted: a de-swelling of the exchanger and an uptake of chloride ions 
by the exchanger. At equilibrium as a consequence of the latter process the 
exchanger will contain hydrogen ions in excess of its exchange capacity, since 
electroneutrality will be preserved. The de-swelling has been found to be 
dependent upon the external ionic strength and upon the degree of cross- 
linking (12, 25, 74, 146). It is accompanied by a decrease in volume and 
moisture content of the exchanger, while at the same time the total ionic 
strength of the gel electrolyte increases because of the lowered water content 
and because of the absorption of chloride (and hydrogen) ions. The amount 
of diffusible anion and hence “‘neutral or non-exchange”’ electrolyte absorbed 
by a cation exchanger has been found to depend not only upon the external 
ionic strength (12, 25) but also upon the nature of the cation (or anion) in 
the exchanger (79) and upon the cross-linking (25, 146). 


IoN-EXCHANGE EQUILIBRIA 


The partition of mixed electrolytes between an external aqueous solution 
and an internal ion-exchange gel solution may be discussed after first review- 
ing the changes in ionic distribution which occur upon the immersion of a 
wet swollen homo-ionic cation exchanger in an aqueous strong electrolyte 
containing a different cation. Specifically, consider the immersion of the wet 
swollen hydrogen form of a strong acid type cation exchanger in an aqueous 
solution of sodium chloride. Volume changes accompanied by changes in 
moisture content will occur both in the exchanger (a decrease in this example) 
and in the external solution, although for the latter this may be negligibly 
small if the ratio of volume of exchanger to electrolyte solution is small. 
Further, diffusible chloride ions will permeate the exchanger, carrying with 
them equivalent numbers of sodium ions to preserve electrical neutrality. 
Lastly, but not least important, an ion exchange will occur in that hydrogen 
ions will be displaced from the exchanger which will in turn take up equiva- 
lent amounts of sodium ions. This property is, of course, the most striking and 
thus far the most useful property exhibited by the insoluble high molecular 
weight polymeric acids and bases known as ion-exchange resins. At equilib- 
rium, mixed electrolytes exist in both the exchanger gel and external aqueous 
phases. A schematic diagram of the equilibrium distribution is given in 
Figure 7 where the semi-permeable membrane indicated is, of course, ficti- 
tious, its significance being to indicate that all ionic species except the struc- 
turally bound RSO;- exchange groups are freely diffusible and, hence, may be 
found in all parts of the system. Neutral molecular species such as water 
are also freely diffusible. 

If attention is fixed solely upon the exchanging cations, a metathetical 
reaction may be written for the exchange equilibrium, 


(H*)s + (Na*).<=(H*). + (Nat); IV 


where the subscripts 7 and o signify the inside gel and outside solutions, re- 
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spectively. One of the two most important characteristics of the ion-ex- 
change reaction is epitomized by IV, namely, that equivalent amounts are 
always involved. A second feature is that selectivity is shown in nearly all 
ion-exchange reactions, one ion being preferred in the exchanger over 
another. This fact is comprehended in the statement that the mass law equi- 
librium constant for the exchange reaction is different from unity. Prefer- 
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Fic. 7. Gibbs-Donnan model for partition of electrolytes between a cation exchanger 
and an external aqueous phase. 


ably, however, an empirical selectivity coefficient, D, may be used which for 
IV is defined by, 
(Na*/H*); 


D «= ———_ Vv 
(Na*/H*). 





where the quantities contained within the parentheses are the appropriate 
stoichiometric concentrations of the ions in the two equilibrium phases. 

As a first approximation, the accumulaticn of more highly charged ions 
over those of lesser charge is observed, and, for ions of the same charge, 
those of smaller hydrated radii are concentrated preferentially in the ex- 
changer (21, 108). Some lyotropic series expressing qualitative cationic ex- 
change sequences of decreasing selectivity are: 

Thtt++ > Hftt++ > Zrtt+4 
Ac*t+ > Lat** > Y*** > Sc*** > AP 
Bat* > Srt+ ~~ Catt > Mg** > Bet+ 
Agt > Tl* > Cst > Rb+ > NH,~ Kt > Nat > Ht > Lit 
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There is some overlap between series in that an ion of lower charge but high 
relative exchange potential may displace an ion of higher charge but of low 
relative affinity. Even within one series, the rule that the smallest hydrated 
ion shows the largest exchange potential may not hold, as for example the 
Agt and TI* ions in the above univalent sequence. Occasionally, structural 
factors determine the exchange potential of an ion. For example, large alky- 
lated quaternary ammonium cations may be of a size such that they cannot 
enter the polymeric network of a given exchanger; then a molecular sieve- 
like action determines the selectivity (108, 116, 117). 

The ions contained in an exchanger will interact more or less strongly 
with the structurally bound exchange group; hence, the nature of the latter 
must be important in determining the relative degree of selectivity for 
various ion pairs. Insofar as selectivity for hydrogen or hydroxy] ions is con- 
cerned, the acid-base properties of the exchange group are clearly of great 
importance. In some cases, considerable specificity may be observed owing 
to ion association, pair formation, and perhaps other kinds of ion interaction 
as with Cu(II) ion in the carboxylic type exchangers. With the oxygenated 
anions, ionic structure may vary and differences in selectivity with various 
anion exchangers are found. The selectivity of an exchanger is strongly de- 
pendent on the cross-linking of the polymeric structure, as has been shown 
by Bauman (14), Gregor et al. (79), and Pepper et al. (142) for cations, and 
by Bauman & Wheaton (11) for anions. The selectivity coefficient is also 
markedly dependent upon the ionic composition of the exchanger, its mag- 
nitude being much greater for the exchange of a small with a larger ion if 
the exchanger at equilibrium contains mainly the larger ion than conversely 
(14, 79). With some of the highly cross-linked anion exchangers this depend- 
ence of selectivity on composition becomes very marked, and, as Bauman 
& Wheaton (11) have reported, even an inversion in preference may be found. 
Gregor et al. (79) have presented data showing the selectivity coefficient to 
diminish slightly with the external ionic strength, other factors being held 
constant. Several investigators including Boyd et al. (21), Kressmann & 
Kitchener (108), Hale & Reichenberg (83), and Duncan & Lister (56) are in 
agreement that the dependence of the selectivity coefficient on temperature 
is small. 

In view of these numerous and hithertc unsuspected complexities of ion- 
exchange equilibria, it is perhaps not surprising that the current status of 
theory is somewhat confused and that quantitative disagreements in the 
literature are more numerous than agreements. The various attempts to give 
a theoretical interpretation to the data on the equilibrium partition of strong 
electrolytes may be divided into several broad classes. The exchange equilib- 
rium has been regarded: (a) as analogous toa reversible double decomposition 
reaction, as in IV, to which the mass action law may be applied, (b) as anal- 
ogous to an ionic adsorption reaction, capable of being described by the 
Langmuir isotherm for a mixture of adsorbates, (c) as a problem in the be- 














ION EXCHANGE 325 


havior of ions at a charged surface (45, 46), or (d) as a Gibbs-Donnan 
distribution between two homogeneous phases. Up to the date of this review, 
the greatest number of investigators have attempted the first of these ap- 
proaches (21, 38, 44, 55, 56, 108, 121, 187, 190). In a few cases, apparently 
true thermodynamic mass law constants have been reported, particularly 
when the equilibrium studied involved external electrolytes of low ionic 
strength. The crucial point in computing a thermodynamic constant for a 
given equilibrium distribution is in the evaluation of the thermodynamic ac- 
tivity coefficients for the ions in the exchanger gel solution. Several proce- 
dures have been suggested: Kielland (103) has proposed the use of the empiri- 
cal Margules equation, and this has been found applicable in cases involving 
the exchange of univalent cations (21) but not in the exchange of more highly 
charged cationic species, as with La(III) and hydrogen ion (127). Mayer 
(126) has suggested applying the empirical ‘‘Harned Rule” relating ionic 
activity coefficients in ordinary electrolyte mixtures to the mixed gel elec- 
trolyte and has demonstrated with one set of data that an improvement in 
the constancy of the mass action constant could be realized. Quite recently, 
Argersinger et al. (5) and Ekedahl et al. (58) have pointed out independently 
that nonthermodynamic assumptions need not be made if the Gibbs-Duhem 
relation between mole fractions and activities of the ions in the exchanger 
is used. However, as has been indicated in the application of this approach 
by Hogfeldt et al. (91) the values for the activity coefficients derived by 
treating two sets of data taken on the barium-hydrogen ion-exchange equilib- 
rium with the same cation exchanger are in serious disagreement. Further 
research is clearly essential to clear up this and several other apparently 
contradictory findings which have appeared recently. 

The suggestion of Boyd et al. (21) that exchange data might be treated 
from the point of view of an adsorption reaction has been extended recently 
by Davis (48, 49), who has derived an expression for the equilibrium parti- 
tion using the general methods of statistical thermodynamics. Krishnamoor- 
thy & Overstreet (110, 111) have reported their data with ion-exchange resins 
to fit Davis’ theory very well. 

Although apparently a number of investigators have indicated an aware- 
ness that the ionic distributions between aqueous electrolyte solutions and 
organic ion exchangers may be governed by a Donnan equilibrium (12, 124, 
146, 187, 190), it was only recently that the view became more widespread. 
The two most important items of experimental evidence supporting this con- 
cept are the swelling and deswelling of the cross-linked ion-exchange poly mers 
with varying external electrolyte concentrations (12, 146) and the uptake of 
diffusible anions by cation exchangers (12, 25, 146) or diffusible cations by 
anion exchangers (25). Unfortunately, however, the first applications (12, 190) 
of the Gibbs-Donnan theory to experimental data on the exchange equilib- 
rium were based upon an over-simplified version which presumed either the 
equality between the ionic activity products, or worse, between the stoi- 
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chiometric concentration products. As was pointed out by Samuelson (146), 
with very weakly cross-linked exchangers, the latter simple relation may hold 
but not otherwise. 

Donnan & Guggenheim (52) and Donnan (53) have given an exact thermo- 
dynamic treatment for a number of types of membrane equilibria, some of 
which should be applicable to the ion-exchange polymer systems. Thus, 
if in a system containing nondiffusible anions (or cations) in one phase: (a) 
complete ionization occurs throughout, and (8) diffusible cations and anions, 
not polymerized in either phase, are present together with diffusible neu- 
tral (solvent) molecules, a relation between the thermodynamic activity 
product ratio, Kg, for the exchange reaction, and the product of the swelling 
pressure in the exchanger with the difference in partial molal volumes of the 
ions in the exchanger may be written down. For an exchange equilibrium 
between singly charged cations the appropriate equation is then: 


RT In Ka = (4g — to)(Wat — Vat) + Constant VI 


The ion exchanger is considered to be akin to a strong electrolyte which, 
however, Owing to the cross-linking in its structure, is subjected to internal 
forces equivalent to an hydrostatic pressure. In an important recent paper, 
Gregor (71, 73) examined the consequences of combining Donnan’s equa- 
tions, after effecting certain approximations in them, with an assumed simple 
swelling pressure-resin volume relation or equation of state for the exchange 
polymer. A number of interesting properties may be derived, some of which 
appear to resemble actual resin behavior rather closely. The analogy assumed 
by Gregor between the internal stress caused by the swelling of an ion- 
exchange polymer and a stretched spring obeying Hooke’s law is in a way a 
revival of the well-known and ingenious Proctor-Wilson (143) theory of the 
swelling of protein jellies which also employed Donnan’s equations. Perhaps 
the most severe limitation of Gregor’s proposed model to explain ion-ex- 
change selectivity lies in its neglect of the activity coefficients for the ions 
in the exchanger. It is possible that this approximation may be justified 
in a few cases, as with singly charged rare gas structure ions perhaps, but 
in general the ionic interaction in the exchanger must be vastly more impor- 
tant in determining the selectivity coefficient than any mechanical factors. 
The swelling behavior of ion exchangers, particularly in pure water and for 
weakly cross-linked structures, may be fairly accurately described by the 
expansion model. 

Independently, although somewhat later than Gregor, Glueckauf (70) 
made a slightly different application of the Gibbs-Donnan equations to the 


problem of ion-exchange equilibrium. He has reported the following general 
conclusions: 


(a) The swelling pressure turns out to be a mildly curved function of the equiva- 
lental volume of the resinate. (b) While the swelling pressure term influences the 
water uptake of the resin, it does not affect greatly the electrolyte activity in the 
resin, which therefore, for resins of moderate cross-linkages, can be expressed almost 
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equally well without considering swelling pressures, but not without considering the 
activity coefficients in the resin phase. (c) Increased cross-linkage should improve 
discrimination between different ions and (d) for a given resin ions of equal charge 
should be the more strongly absorbed the less they swell the resin, which is in agree- 
ment with the general body of experimental evidence. (e) Mean molal activity co- 
efficients can be assigned to the various metal ion resinates and in the case of “‘Dowex 
50” these are approximately half those of the corresponding nitrates. This suggests 
considerable ion-pair formation in the resinates. 


Points (c) and (d) above follow directly from the thermodynamic for- 
mulation of Donnan (see VI) and are not new. Point (a) contradicts the 
Proctor-Wilson-Gregor assumption of a linear pressure-volume relation, al- 
though for small expansions this may be a sufficient approximation. The 
closely related points (b) and (e) negate Gregor’s assumption that activity 
coefficients (or their ratios) may be ignored in deriving the ionic selectivity 
properties of exchangers using membrane theory and a linear equation of 
state. No account thus far seems to have been taken of the fact that the cross- 
linked polymers show limited swelling. The swelling pressure must rise very 
rapidly, perhaps exponentially, with increasing resin volume for maximum 
extensions of the network. According to this reviewer, the very interesting 
‘screening effect’? whereby relatively very large ions are efficiently excluded 
from an ion exchanger may be given a qualitative explanation in terms of the 
very rapid nonlinear increase in swelling pressure with volume when the 
polymer network has been expanded beyond a critical value. The theory of 
Gregor has played an important part in these recent new developments which 
must be regarded as highly significant. As a more complete understanding of 
the ion exchangers grows, it may be that many of its original suggestions will 
not survive. However, it does appear that, ultimately, a quantitative theory 
of ion exchange as it occurs in the organic polymers will be based upon the 
hypothesis that a Gibbs-Donnan equilibrium is involved. Progress in the 
near future may very well come about through a careful consideration of 
the factors which govern ionic interaction in exchangers. 

In concluding this discussion of ion-exchange equilibria, mention will be 
made of certain experimental difficulties which may limit the taking of accu- 
rate data for thermodynamic treatment. One potential source of serious error 
may arise from the solubility of the exchange polymer. Although ideally, 
these high molecular weight polyacids and bases might be regarded as in- 
soluble, actually they are found to shed relatively low molecular weight 
soluble material which is either displaced or broken off from the network. 
These soluble fragments (chain polyelectrolytes?) will sequester ions and, 
thus, may give a misleading experimental value for the ionic concentration 
in the external mixed electrolyte phase. Another difficulty may arise because 
of chemical and/or structural nonuniformities which sometimes are observed 
in ion-exchange polymer preparations. Nonuniformity in sulfonation in the 
preparation of nuclear sulfonic acid cation exchangers can give rise to error. 
The presence of mechanical flaws in the polymer gel such as cracks, or air 
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bubbles entrapped during suspension polymerization, can easily invalidate 
determinations of moisture contents, specific volumes, neutral electrolyte 
partition, etc. Although relatively simple measurements may be employed 
to test for the chemical homogeneity of exchange polymers, apart from swell- 
ing measurements there is as yet no way to check on the uniformity of the 
cross-linking. Under certain polymerization conditions, it is conceivable that 
microscopic regions of abnormally high or low cross-linking may be formed, 
or, possibly that the degree of cross-linking within a given preparation may 
vary with particle size. Even with ion-exchange polymer preparations free 
of all the above mentioned complications, difficulties of a theoretical nature 
may arise owing to the statistical character of the cross-linking on a molecular 
scale. Two polystyrene type exchangers may contain the same stoichiometric 
amounts of combined divinylbenzene and yet differ significantly as regards 
the mesh size distribution in their molecular networks. In experiments 
wherein a single ion-exchange equilibrium is measured over virtually the 
complete mole fraction range in the exchanger, as is possible using radio- 
tracers, a selectivity in the spatial distribution of the ions in the exchanger 
may be revealed as a consequence of the tendency of ions to concentrate, 
on a molecular scale, in the smaller meshes. 


Ion-EXCHANGE KINETICS 


The speed with which ion-exchange equilibrium is attained is a factor of 
importance second only to the selectivity properties shown by ion-exchange 
polymers. The rate with which the ionic interchange is facilitated may de- 
termine whether or not a practical application is feasible. A fundamental 
examination of rate processes may also shed light on polymer structure and 
property. In terms of an exchange reaction for singly charged ions, (A+), 
+ (B+),—(A*);+(B+*),, the over-all transport of mass, apart from that 
effected by convection, may be divided for purposes of convenience into five 
steps: (a) diffusion of A+ through the external solution up to the exchanger, 
(6) diffusion of A+ through the gel solution of the exchanger, (c) chemical 
exchange of A+ and B+ in the vicinity of the structurally bound anion (or 
cation) of the exchanger, (d) diffusion of displaced B+ out from the interior, 
and (e) diffusion of displaced B+ through the external solution away from the 
exchanger. The observed kinetics of the exchange will be governed either by 
a diffusion or by a mass action mechanism, therefore, depending on which of 
the foregoing steps is the slowest. 

Certain general results from observations on exchange reaction veloc- 
ities will be reviewed: Usually, ion exchange rates observed with the organic 
cross-linked exchange polymers are quite rapid, which property has given 
them a distinct advantage in practical application over the older mineral 
and synthetic inorganic zeolites. Reaction half-times of the order of one 
minute and sometimes much less have been observed in the exchange of 
singly charged inorganic cations from dilute external electrolyte (12, 22, 109). 
The rates for di- and tri-charged cations are appreciably smaller with half- 
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times of about 7 and 30 min., respectively (28). Exchange rates for the acid 
and base forms of weak acid and base exchangers, on the other hand, are 
found to be very small indeed, and sometimes weeks are required to reach 
equilibrium (112, 115). The effect of temperature on the exchange velocity 
invariably has been found to be quite small; activation energies as a rule 
seldom exceed 5 kcal. (22, 109). A dependence of the rate of exchange upon 
particle size (22, 83, 108) and upon the degree of mixing (22, 108) or flow rate 
past the exchange granules is observed almost without exception. Usually, 
the exchange rate is found to be dependent upon the concentration in the 
external solution. 

Attempts to connect experimentally observed rates with specific mecha- 
nisms may be divided into two classes. The first workers in this field sought 
to apply a rate equation based on the mass law for a bimolecular reaction. 
Thus Nachod & Wood (135) have derived second order chemical rate con- 
stants for the exchange reactions of hydrogen, sodium, and calcium with a 
variety of cation and for chloride ions with several anion exchangers. Juda 
& Carron (95) in another investigation have reported very similar results for 
the hydrogen-sodium exchange using four carbonaceous exchangers. Since 
1947, however, almost all investigators have concluded that a diffusional 
mechanism governs the exchange velocity. A comprehensive study of anion 
exchange with a weak base type exchanger has been reported by Kunin & 
Myers (112). Most of their results are quite well interpreted by the assump- 
tion that the slow step is diffusion through the gel structure of the resin. A 
flow technique employing a shallow bed of exchanger and radiotracers as 
analytical tools has been applied by Boyd et al. (22) ina study of the exchange 
of the alkali metal cations. They conclude two mechanisms are of importance: 
above a total electrolyte concentration of 0.1 M the rate controlling step ap- 
pears to be diffusion through the ion-exchange gel solution; below 0.003 M 
the findings are accounted for by diffusion across a concentration gradient in 
the solution outside the particle. Results for the rate of exchange of uranyl 
and cerium (III) cations which may be described by either a film or particle 
diffusion mechanism have been reported recently by these same investigators 
(28). Essentially, these same conclusions have emerged from the work of 
Bauman & Eichorn (12). Kressman & Kitchener (108) and Hale & Reichen- 
berg (83) have reported results also confirming the diffusional nature of the 
rate process and extending measurements to a wider variety of cations and 
cation exchangers. Adamson & Grossman (3) have derived equations for the 
intermediate rate case in which a coupling of the two diffusional processes 
may occur. 

Whereas the rate of a film diffusion controlled exchange reaction is de- 
termined by the character of the system, exchanger plus external electrolyte, 
the rate of particle diffusion process is governed by the type and structure of 
the ion-exchange polymer itself. Accordingly, it is to be expected that basic 
information about ion-exchange polymers is to be derived from the inter- 
pretation of experimentally determined particle diffusion coefficients. Apart 
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from the published researches of Boyd et al. (22) and Kressman & Kitchener 
(109), very little has yet been disclosed concerning either the magnitudes of 
these quantities or their dependence on the nature of the ion-exchange 
polymer. Particle diffusion controlled exchange rates are found dependent on 
particle size and temperature and independent of stirring, as would be antic- 
ipated. The actual observed uptake rate may be described quantitatively 
by solving the appropriate diffusion equation for the system studied. Par- 
ticle diameter and the diffusion coefficient appear as parameters in these 
mathematical expressions. Nominal diffusion coefficients thus derived from 
experimental data show a number of interesting properties suceptible to 
further interpretation. The diffusion of ions in the gel solution of exchangers 
is usually much slower than in simple aqueous electrolyte solutions and 
the activation energies greater than for electrolyte diffusion. The diffu- 
sion rate is strongly dependent on the type of exchanger. The charge 
carried by the diffusing ion is very important, the diffusion coefficients di- 
minishing by powers of 10 for unit charge increase (26, 28). The sign of the 
charge is relatively unimportant; singly charged anions diffuse through 
anion exchange polymers at about the same rates as singly charged cations 
through cation exchangers of the same cross-linking (27). 

As might be expected, the degree of cross-linking of the exchange polymer 
exerts a profound influence on the diffusion. Increasing the cross-linking in a 
nuclear sulfonic acid cation exchanger based on the polystyrene-divinyl 
benzene copolymer from 1 per cent to 24 per cent lowers the diffusion coeffi- 
cient by more than 100-fold (26). Holding the cross-linking constant and 
decreasing the exchange capacity, as with nuclear sulfonic acid exchangers by 
partial desulfonation, results in an increased diffusion rate and a diminished 
activation energy except with highly charged ions (157). Ionic size, maintain- 
ing charge and other variables constant, also determines diffusion rate. Kress- 
man & Kitchener (109) have reported the following nominal diffusion coeffi- 
cient values for the quaternary ammonium cations, NMe,*, NEt,*+, NMesn— 
Amyl*, PhN Me, Ett, and PhN MezCH2Ph?*: 2.4, 0.5, 0.3, 0.1, and 0.006 x 
10-* cm?. sec. —, respectively. External electrolyte ionic strength effects on 
diffusion may be expected because of swelling or deswelling. At high con- 
centrations, the rate process in the particle will be complicated because of 
the presence of neutral electrolyte in the gel solution of the exchanger in 
harmony with the Gibbs-Donnan character of these systems. 

The interpretation of observations on the diffusion of ions in the gel 
solutions of ion-exchange polymers in terms of ionic interaction or structural 
entropy effects may not be possible yet. As with the previous discussion of 
ion-exchange, the network model containing structurally bound ionogenic 
groups may afford a basis with which to begin. The interaction between the 
diffusing ion and the exchanger anion (or cation) appears to contribute ap- 
preciably to the free energy of activation for diffusion in the gel solution. 
However, the work to create a “‘hole”’ in the gel solution for the diffusing ion 
will be influenced by the polymer structure and, in particular, by its cross- 
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linking. Structural entropy of activation effects likewise may sometimes 
play a part. Evidently, rate as well as equilibrium studies on the synthetic 
organic ion exchangers will continue to be a fruitful field for investigation for 
sometime to come. 


IoN-EXCHANGE CHROMATOGRAPHY 


There are probably few subjects within recent times that have attracted 
as widespread an interest among chemists and biologists as the general topic 
of chromatography. This may not be surprising in view of the striking achieve- 
ments being almost constantly reported which are attributable to the employ- 
ment of this technique. Because of the unique possibilities inherent in ion 
exchangers, their use in chromatographic procedures israpidly becoming wide- 
spread. Their most important application has been in stationary beds or col- 
umns wherein separations of ionic solute species are effected by causing the 
flow of solution past the surface of the swollen resin. A valuable feature of 
ion-exchange towers is that they combine the unusual, highly efficient 
fractionating action characteristic of chromatographic procedures with a 
much larger capacity than is possessed by the usual immobile phases of 
ordinary chromatography. Ion-exchange chromatography is to be regarded as 
a specialized part of this general subject and closely akin to some of its more 
important divisions which include partition and adsorption chromatography 
(or combinations of these, as may be the case in filter paper chromatography) 
and gas chromatography. 

The history of the development of chromatographic theory corresponds 
almost exactly with that for the development of the ion-exchange polymers 
and falls almost entirely within the last decade. The first paper is that which 
appeared in 1940 by Wilson (191) wherein the equations of conservation were 
written down and the mathematical solution for the case of a linear equilib- 
rium isotherm, i.e., constant distribution coefficient, was derived. Soon after- 
wards Martin & Synge (123) published their well-known ‘‘plate’’ theory 
wherein the assumption of equilibrium is avoided although that of the con- 
stancy of the distribution coefficient is retained. Further development of the 
exact equilibrium theory for a single solute following a nonlinear partition 
isotherm was achieved by De Vault (50) and Weiss (189) in 1943. The first 
contribution to the theory of rate dependent chromatography was made, 
however, in 1944 by Thomas (170) who has since amplified his initial treat- 
ment in two more valuable papers (171, 172). An explicit development of a 
theory of ion-exchange chromatography was published by Walter (186) in 
1945 in two papers, the first dealing with the separation of two ionic species 
assuming equilibrium and the second presenting a theory of rate dependent 
chromatographic adsorption based upon an assumed bimolecular reaction 
rate mechanism. Beginning in the latter part of 1945, Glueckauf (60, 61) be- 
gan a series of important investigations (35, 62 to 69) on the theory of chro- 
matography, particularly for the separation of mixed solutes at equilibrium 
when these solutes follow nonlinear isotherms. Independently in 1945, and 
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2pparently without access to previous published literature owing to war con- 
ditions, Sillén (150) also began a mathematical investigation of chromatog- 
raphy. Subsequently, his formulation was subjected to an experimental test 
using the silver-hydrogen ion exchange with a synthetic organic cation 
exchanger (57, 151). 

In connection with the general problem of separating radioactive ionic 
species from one another when present as microcomponents in bulk electro- 
lytic solutions, Boyd et al. (23) in 1947 conducted an experimental study of a 
special case of the rate-dependent theory of chromatography using a first 
order rate law based upon the concept of film diffusion as rate controlling. 
In these systems, linear isotherms were observed and previous single stage 
measurements (22) had established the film diffusion mechanism. At the 
same time, Mayer & Tompkins (125) applied the plate theory of Martin & 
Synge to the ion-exchange system in an experimental study of the separation 
of the rare earths promethium and europium present in microconcentrations 
in citrate buffer. In 1948, Boyd & Matheson (24) investigated the relation 
between the film diffusion controlled rate dependent theory and the “‘plate”’ 
theory and were able to demonstrate several correlations between the param- 
eters of the two formulations. One interesting result was the derivation of an 
equation relating the number of ‘‘plates’’ shown by an ion-exchange bed to 
the system variables. This equation showed that the fractionating efficiency 
will depend on the nature of the ion involved, will increase with temper- 
ature, bed depth, and decreasing particle size, and will diminish with in- 
creasing linear flow rate in the bed if laminar flow holds. The considerable 
importance of temperature to ion-exchange chromatography has been 
demonstrated by Ketelle & Boyd (101) in their separations of the trivalent 
rare earth radionuclides. This latter work as well as that of Mayer & Tomp- 
kins (125) has shown the importance of small particles, while the work of 
Tompkins et al. (176) and Spedding et al. (159) has indicated qualitatively 
that separations become poorer as the flow rate increases. Tompkins, Harris 
& Khym (178) and Tompkins (179) have published confirmatory results from 
further systematic measurements of column variables in the separation of 
inorganic ions present in low concentrations. Unfortunately, these do not 
appear sufficiently accurate to permit a quantitative test of the plate number 
equation of Boyd & Matheson. 

During the past few years still further efforts have been expended in the 
development and simplification of various mathematical aspects of the gener- 
al theory of chromatography. The interesting and important contributions of 
Sillén (152, 153, 154), Amundson (4), Vermuelen & Hiester (185), Hiester 
(88), and Rosen & Winsche (145) unfortunately can only be mentioned. The 
relevance of much of the extensive work of Tiselius (175), Claesson (33), and 
more recently, Hagdahl (82) to ion-exchange chromatography is to be borne 
in mind. The attention of the reader is directed also to the excellent reviews 


of certain other aspects of this general field by Klotz (104) and by Thiele 
(182). 
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It is clear that much more painstaking experimental work in connection 
with the various theories outlined is presently urgently needed. The diffi- 
culties in the way of conducting truly critical experimental tests using the 
synthetic organic ion exchangers are not inconsiderable. Attention must be 
devoted to insuring that the assumptions in the theories are met as regards 
the negligible importance of axial diffusion or of longitudinal mixing because 
of localized conditions of turbulent flow. In most formulations of the theory, 
it is assumed that the volume of the solution and of the immobile phase do 
not change with concentration. Owing to the significant swelling and de- 
swelling of the ion-exchange polymers under some conditions, quite serious 
deviations from predicted behavior may be found. Although largely un- 
verified, theories of ion-exchange chromatography have served to give 
valuable insight into the general processes in deep, stationary beds. The 
very difficult problem of the quantitative prediction of the behavior of an 
ion-exchange bed when the rate controlling process is that of diffusion 
through an exchange particle remains almost wholly unsolved. 


IoN-EXCHANGE SEPARATIONS 


While the development of the general theory of chromatography appears 
to have approached a fairly high degree of sophistication, insofar as practical 
applications of the technique of ion-exchange chromatography have been 
concerned, it appears to have exerted very little guiding influence. The 
field has been very active since the full potentialities of the variety of new 
exchangers now available have become recognized. Several excellent reviews 
have appeared among which are those of Davies (47), Schubert (147), and 
Rieman (144). Block (18) has summarized the literature on the separation 
of amino acids by ion-exchange chromatography up to 1949, 

In the inorganic field, perhaps the most spectacular separations yet 
reported are those of the rare earths and, recently, of the actinides. These 
interesting and valuable accomplishments came about as by-products from 
the extensive and as yet largely unpublished researches initiated in early 
1942 by Boyd and his associates, particularly Russell, Taylor, Adamson, 
Swartout, Brosi, Schubert, Ketelle, Myers and others on the Plutonium 
Project. Johnson, Quill & Daniels (94) have published an historical account 
of these and other efforts which culminated in the rare earth separations. 
Although several other separations had been demonstrated previously using 
elution techniques based on complex ion formation, the first definite indi- 
cation that a rare earth fractionation could be realized by means of citric 
acid buffer washes of optimum pH was obtained in mid-1944 by Tompkins, 
Khym & Cohn (176). These authors demonstrated the separation of yttrium 
and cerium, and they indicated that the sequence for elution was yttrium, 
europium, praseodymium, cerium, and lanthanum. Shortly thereafter, work 
was initiated by Spedding et al. (159, 160, 161) which confirmed the cerium- 
yttrium separation and laid the basis for an important large scale effort 
aimed at producing kilogram amounts of the pure rare elements which has 
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continued down to the present time (162, 164, 165). Recently, Spedding 
(163) has summarized the progress in his laboratories in a very interesting 
account. The work of Marinsky, Glendenin & Coryell (120) which led to the 
identification of the missing rare earth promethium (Z=61) and of Ketelle 
& Boyd (101) which demonstrated the separation of all the rare earths and 
showed that their relative order in elution could be related to their ionic 
radii was also prominent in this early separations research. Harris & Tomp- 
kins (84) have reported the separation of lanthanum, cerium, praseodymium, 
and neodymium on a 1 gm. scale. Recently, Harris (85) has completed the 
ion-exchange preparation of 1 gm. amounts of all the rare earths excepting 
promethium in an unusually high degree of purity. The separation of 
promethium from europium by means of anion exchangers has been accom- 
plished by Huffman & Oswalt (93). 

The use of ion-exchange column techniques in connection with the sepa- 
rations of the actinides met with considerable success in 1950 and will doubt- 
less continue to play as important a role in the discovery of still further 
members of this series as it did in the isolation of the new elements berkelium 
and californium. Street & Seaborg (167) have described a new elution tech- 
nique using concentrated hydrochloric acid solutions which is particularly 
effective in obtaining a separation of americium and curium from the rare 
earths. In their work on the discovery and isolation of berkelium, Thompson, 
Cunningham & Seaborg (173) report that 13 M hydrochloric acid was used to 
separate the actinides from the fission product rare earths also produced when 
Am*! was irradiated with a-particles from the 60-in. Berkeley cyclotron. 
Subsequently, the berkelium, curium, and americium were separated from 
each other by the use of an ion-exchange column which was heated and a 
citrate buffer eluant. Shortly after the announcement of the isolation of 
berkelium, Street, Thompson & Seaborg (168) again reported using the same 
procedure to separate a second new element, californium, from the fission 
products and other actinides occurring in a Cm target which had been ir- 
radiated with 35 M.e.v. a-particles. The relative rates of elution of the actin- 
ides americium, curium, berkelium, and californium, from a heated column 
using citrate buffer showed a striking similarity to the behavior of the corre- 
sponding rare earths europium, gadolinium, terbium, and dysprosium. A 
break in the rate of elution is observed in both sequences after the half- 
filling of either the 5f or 4f shells, respectively. Thus, a relatively large sepa- 
ration was observed between berkelium and curium, corresponding to that 
found between terbium and gadolinium. Higgins & Street (89) and Ketelle 
& Boyd (102) have both reported on this analogy quite recently. 

The two elements, zirconium and hafnium, have long been separable 
only with difficulty. However, owing to the great fractionating efficiency of 
ion-exchange columns, it is possible to achieve a separation, as was demon- 
strated by Street & Seaborg (166), using a cation exchanger and eluting with 
6 M hydrochloric acid. Recently, a separation of this pair has been reported 
both by Huffman & Lilly (92) and by Kraus & Moore (107) with mixtures 
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of hydrochloric and hydrofluoric acids. Interestingly, the order of elution of 
these elements from the anion exchanger was the reverse of that observed 
with a cation exchanger. 

Relatively little work appears to have been done on the separation of 
the alkaline earths apart from the preliminary studies of Tompkins (177) 
which have indicated a separation of strontium, barium, and radium using 
a cation exchanger and citrate buffer. The efficient separation of trace 
amounts of sodium asa carrier-free Na* from deuteron-irradiated magnesium 
has been demonstrated independently by Bouchez & Kayas (20) and by 
Boyd & Larson (29). An effective separation of carrier-free 67d Sr® from 
proton irradiated rubidium carbonate has also been accomplished (30). A 
separation of zinc and cadmium using an anion exchanger and concentrated 
hydrochloric acid as an elutriant has been reported by Atteberry, Larson & 
Boyd (7). 

Several valuable investigations on the ion-exchange separation of the 
alkali metal cations have been published subsequent to the exploratory 
studies of Cohn & Kohn (39). Optimum conditions for the separation of 
sodium and potassium have been determined by Beukenkamp & Rieman 
(16) in connection with the analysis of silicates for these elements. Kayas 
(98, 99) has demonstrated a strikingly complete separation of 15 to 30 mg. 
amounts of sodium, rubidium, potassium, and cesium. Comparable sepa- 
rations have been realized independently by Brooksbank (31). 

Mixtures of the elements, columbium, tantalum, and protactinium, con- 
stitute another intractable separations problem in inorganic analytical 
chemistry. Although recent developments in the chemistry of columbium 
and protactinium have bettered this situation, the possibility of separating 
these Group VA elements by employment of their complex anions using 
an anion exchanger as demonstrated by Kraus & Moore (106) represents a 
valuable gain. Although the separation of the zirconium and columbium 
complex oxalato ions using a cation exchanger had been indicated by the 
early work of Boyd et al. and Cohn et al., recently, separations using anion 
exchangers have been shown to be particularly effective by Baldwin (9) and 
by Kraus & Moore (107). An anion-exchange separation of the Group VB 
elements arsenic and antimony has been accomplished by Atteberry e¢ al. 
(7). 

Ion-exchange separations of the transition elements have not as yet been 
reported extensively. Early work by Nelson & Walton (136) on the cation 
exchange separation of nickel, copper, and zinc was not particularly success- 
ful. Kozak & Walton (105) were able to fractionate copper and silver, but 
not zinc and cadmium. Glueckauf (66) has reported some fractionation of 
copper (II) and manganese (II) with a cation exchanger in connection with 
an experimental test of chromatographic theory. Recently, Atteberry et al. 
(7) have reported the complete separation of mixtures containing manganese 
(II), iron (IIT), cobalt (II), nickel (II), copper (II), and zinc, using a strong 
base anion exchanger and hydrochloric acid of varying strength as an eluant. 
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The possibilities for separating the 4d and 5d transition elements, especially 
the noble metals, platinum, palladium, and gold, utilizing their chloro- 
complexes and an anion exchanger have been reviewed by Sussman & Nachod 
(169). 

Separations of some of the anions of the electronegative elements of 
Groups VIB, VIIA, and VIIB have been described. Atteberry & Boyd (8) 
have achieved the separation of milligram amounts of fluoride, chloride, 
bromide, and iodide ions on a strong base anion exchanger, as well as sepa- 
ration of small amounts of perrhenate and pertechnetate anions from the 
halides and from each other. A rapid, efficient separation of selenium (VI) and 
tellurium (VI) using 3 M hydrochloric acid and a mixture of 1 M ammonium 
thiocyanate plus 1 M hydrochloric acid was worked out by Atteberry 
et al. (7). Cobble & Adamson (36) have described the rapid separation of the 
ferro and ferricyanide complex ions on an anion exchanger. That it is now 
possible to separate every element in the periodic table which forms an ion 
in solution from every other such element by proper employment of the 
techniques of ion-exchange chromatography appears to be a reasonably safe 
conclusion. 

The ion-exchange technique has been used widely in the biochemical 
field mainly for preparative purposes. Unfortunately, it is hardly possible 
to do more than cite two or three important examples. Thus, Partridge and 
co-workers (137 to 141), Cleaver & Cassidy (34), Muntz (133), and Sheehan 
& Bolhofer (149) have investigated further the use of ion-exchange tech- 
niques for separating the amino acids. The attention of the reader is further 
directed to the publication by Winters & Kunin (192) and to an early funda- 
mental paper by Cannan (32). 

An important series of researches of Cohn and co-workers (40, 41, 42) on 
the use of anion exchangers for the separation of the ribonucleotides has 
appeared. Recently, the separation of the adenosine polyphosphates has 
been studied by Cohn & Carter (43). Loring et al. (119), following Cohn, have 
employed an anion exchanger to isolate an isomeric cytidylic acid from 
hydrolysates of yeast ribonucleic acid. 

Valuable advances in the field of separations of the sugar acids have been 
described by Cohen & McNair-Scott (37) who have employed a strong base 
anion exchanger for separating pentose phosphate from 6-phosphogluconate. 
Separations possibilities in the organic and biochemical field probably have 
scarcely been explored. 


ION-EXCHANGE FUTURES 


It has been possible to describe only a circumscribed portion out of 
the enormous range of application of the synthetic organic ion-exchange 
polymers within the limits set by this review. The very important practical 
needs of water treatment for ion-exchange materials can indeed truly be 
said not only to have “fathered” the modern development but to have sus- 
tained it even down to the present time. This topic, however, as well as such 
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others as pharmaceutical applications (penicillin purification), applications 
to physical chemical measurements, use in organic catalysis, and the large 
subject of analytical and preparative use, etc., have fallen outside the scope 
of this review. 

Significant further developments may be expected in the near future. 
In research aimed at achieving a more basic understanding, a greater em- 
phasis on the relation of structure to property and function will develop. 
Almost the whole subject of ion exchange in nonaqueous media remains to be 
explored. The recent appearance of new physical forms of the organic ex- 
changers, such as the ion-exchange membranes, will attract great interest 
and doubtless will result in unanticipated applications. The urgent need for 
the invention of continuous ion-exchange processes will certainly lead to 
much desired chemical engineering studies. A fruitful mutual interaction 
between ion-exchange research and the closely related fields of the physical 
chemistry of chain polyelectrolytes and of proteins is bound to occur. 
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In writing this chapter the intent has been to stress new ideas and de- 
velopments and to illustrate the trends of photochemical research, rather 
than to cover every publication in the field which appeared during the year. 
Articles having to do with the use of radiant energy merely to promote or- 
ganic syntheses have not been mentioned. Also, borderline fields, such as 
fluorescence, phosphorescence, and chemiluminescence, have been omitted 
with considerable reluctance on the part of the present reviewers, but space 
limitations have made this necessary. A number of promising new ideas 
and techniques have been described recently, but the major concentrations 
of photochemical research in the year 1950 have centered around methyl 
radical reactions, photosensitized reactions, and photopolymerizations. 


METHYL RADICAL REACTIONS 


The reactions of methyl radicals have played an important role in the 
photochemical literature during the year; considerable interest has been 
shown in the combination reaction, 


CH; ~ CH; = C.He, I 
and hydrogen abstraction reactions, which may be generalized as 
CH; + YH = CH, + Y. II 


In II, YH may represent a molecule of the compound used as the methyl 
radical source or compounds such as hydrocarbons, alcohols, and ethers, 
which may be added to the reaction system. Y is the corresponding organic 
free radical. Dorfman & Noyes (1) have pointed out that the measurement of 
quantum yields or rates of formation of methane and ethane in a system in 
which the above reactions are the only sources of these compounds makes it 
possible to obtain comparable values, at least, of activation energies of 
processes represented by reaction II. 

Steacie and his associates have initiated a series of studies of this char- 
acter (2). After working with several compounds, they appear to favor ace- 
tone as a methyl radical source. This choice was made because the photolysis 
scheme of pure acetone appears to be well established as a result of the ex- 
tensive and careful work of Noyes and his collaborators. The quantum yield 


! The survey of the literature pertaining to this review was concluded in January, 
1951. 
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of acetone decomposition at 100°C. and above is generally accepted as unity; 
within the temperature range 100° to 250°C., the photodecomposition con- 
tains no chain cycle and gives ethane and methane only by reactions I and 
II. Allowing Rcu, and Rc,n, to represent the rates of formation of methane 
and ethane in acetone photolysis and combining the rate equations for re- 
actions I and II gives 


he/ki = Ren /Rcons(YH) = P2Z2 exp [ — (Ez — $4:)/RT)/PtZ;}, Il 


in which £; and £2 are the activation energies of reactions I and II, Z; and Z, 
are the appropriate collision numbers, and P; and P? are the steric factors for 
the two reactions. From the experimentally determined rates of methane and 
ethane production, straight line plots were obtained from which E:.—}3E£, 
was evaluated at 9.7 kcal. per M. A like treatment for completely deuter- 
ated acetone has given E,’—4£,’ as 10.3 kcal. per M, where £,’ and E,’ are 
the activation energies for the reactions analogous to I and II which in- 
volve deuterated methyl radicals and deuterated acteone. From results 
with gaseous mixtures which were corrected for methane contributions from 
acetone, Trotman-Dickenson & Steacie (3) have estimated E,—3£, for a 
number of hydrocarbons. 

By similar methods, Gomer (4) has studied the reaction of methyl radi- 
cals obtained from dimethyl mercury photolysis on n-butane, and Phibbs & 
Darwent (5), using methyl radicals from the same source, have studied 
cyclopropane, ethylene oxide, methanol, and dimethyl ether. Several other 
compounds have been reported by Dorfman & Gomer (6). 

Table I gives E,.—}E, values reported by the several workers designated 
by reference. If one assumes that E, is small and may be neglected, the values 
given are the energies of hydrogen abstraction by methyl radicals from the 
various compounds. In Table I may be found also values of P2/P,} X10‘ re- 
ported by the reference authors. P, and P; are probability or steric factors 
of reactions II and I, respectively. Since P; cannot be greater than unity, the 
results indicate the Pz values for hydrogen abstraction by methy] reactions 
are 107%. All factors considered, the reported values for the most part are 
consistent with one another. However, as several authors were careful to 
point out, they indicate that P, is much less than 0.1 to 0.01, proposed by 
Evans & Szwarc (7). 

Preliminary reports concerning two investigations of acetaldehyde vapor 
photolysis by the rotating sector method were given this past year. Dodd 
(8) has extended the study initiated by Haden & Rice (9) to a greater tem- 
perature range, 150 to 400°C. The wavelength of radiation used was not 
reported. His results indicated that the difference in the activation energies 
of the chain propagating and the terminating (bimolecular, gas phase) 
reactions, E,—E,, is 10.4+1.0 kcal. per M. From the published estimates 
of the energy of activation of acetaldehyde photodecomposition with steady 
illumination, Dodd estimated E,—}E; to be 10.4+0.2 kcal. per M. A combi- 
nation of these data gave E, equal to 10.4+1.0 and E; equal 0+2.0 kcal. 
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per M. These values together with quantum yield data of Rollefson & 
Grahame at 200°C. (10) and the assumed value, 0.2, for the primary quan- 
tum yield of acetaldehyde dissociation into radicals [probably from the data 
of Blacet & Heldman (11) from acetaldehyde-iodine photolyses at 3130 A] 
were used to estimate the frequency factors for the reactions of chain propa- 
gation and termination as 8.0 X 10"? and 5.3 X10" cc. (M sec.)~, respectively; 


TABLE I 


DaTA PERTAINING TO REACTIONS (I) AND (II) 





Compound, YH E2.—4E,, kcal. P:/P:+X 108 Reference 








Acetone 9.7 9.5 (3) 

5.7 0.1 (6) 
Deuteroacetone 10.3 — (3) 
Ethane 10.4 a2 (3) 
Neopentane 10.0 4.9 (3) 
n-butane 8.3 aa (3) 

8.0 4 (6) 
n-pentane 8.1 2.3 (3) 
n-hexane 8.1 2.9 (3) 
Isobutane 7.6 aa (3) 
2,3-dimethylbutane 6.9 ey (3) 
Cyclopropane 10.2 Le (5) 
Ethylene oxide 9.6 7.3 (5) 

8.7 1 (6) 
Methanol 8.2 $.8 (5) 
Dimethyl ether 8.0 4.8 (5) 
Dimethyl mercury 8.5 2 (6) 








the calculated collision numbers for these reactions are 8.310! and 
9.010" cc. (M sec.), respectively. Lucas & Rice (12) have reported 
further study of acetaldehyde vapor photolysis by the rotating sector method 
using 3130 A light. From their results at 200° and 300°C., Rollefson & 
Grahame’s quantum yield data (10), Leermakers’ estimate of E,—}E: 
equal to 10.0 kcal. per mole (13), and Gorin’s estimate of 0.9 for the primary 
quantum yield (14), the authors calculated the rate constant for the bimolecu- 
lar, gas phase, chain terminating reaction to be 6.010" cc. (M sec.) at 
200°C., with an activation energy, Ez, of 2.8 kcal. per M. The authors’ re- 
sults indicated the E,—}4E£, is 8.5 to 9 kcal. per M, and they concluded that 
E, may be close to zero. The results of both Dodd and Lucas & Rice suggest 
a normal frequency factor for the bimolecular, gas phase, chain terminating 








346 BLACET AND CALVERT 


reaction in acetaldehyde photolysis. This terminating step in acetaldehyde 
photodecomposition is believed to be either reaction (I) or 


CHO + CH; = CH, + CO IV 


but the identity of the reaction could not be established. 

From other acetaldehyde photolyses with intermittent and steady illumi- 
nation, Lucas & Rice (12) have correlated the importance of a unimolecular 
chain terminating reaction, first reported by Haden & Rice (9), with the 
importance of radical diffusion to the walls of the photolysis cell. The nature 
of this reaction is uncertain, but the authors have calculated its rate con- 
stant to be 0.85 sec.—! at 200°C. with an activation energy near zero. 

Gomer (15) has given a preliminary account of an investigation of di- 
methyl mercury photodecomposition by the rotating sector method in 
experiments at 175°C. with a full mercury arc. The light intensity was ad- 
justed so that the ratio of ethane to methane in the products was maintained 
at about 25 to 1, and the methane formed was used asa measure of the steady 
state methyl radical concentration. Gomer calculated from the results that 
the rate constant for reaction I is about 7 X10" cc. (M sec.)~! at 175°C. The 
agreement between this result and the values for the rate constants for the 
termination reaction in acetaldehyde photolysis reported by Dodd (8) and 
Lucas & Rice (12) may be fortuitous, but the results suggest that the reaction 
studied in each case was methyl radical combination. Steacie, Darwent & 
Trost (16) and Bamford & Dewar (17) observed that radical reactions of 
low activation energy usually have low frequency factors; however, the 
results from these experiments appear to indicate the existence of a normal 
frequency factor for a reaction of expected low activation energy. 

Burns & Dainton (18) have reviewed the theory of the application of the 
rotating sector to the study of photochemically initiated, unbranched chain 
reactions and have extended the treatment of Rice (19) and Dickinson (20) 
to include the conditions of nonuniformity of light intensity (or absorption) 
throughout the reaction cell and a trapezoidal shape of the light pulse. 
Data for the calculation of rate constants from the authors’ study of the 
photochemical formation of phosgene by a rotating sector method were 
presented, and terms were tabulated to correct these data for the nonuni- 
formity in light absorption. Burns & Dainton expect these values and the 
method of calculation to be of general application in the correction for non- 
uniformity of absorption in sector experiments. The error introduced in 
rotating sector experiments by the assumption that the light pulse is rectan- 
gular in shape has been shown to be small and unimportant except in experi- 
ments at very low sector speeds. 

In an attempt to determine whether methyl radicals abstract acyl 
hydrogen or alkyl hydrogen atoms in the chain decomposition of aldehydes, 
Blacet & Brinton (21) have photolyzed an acetaldehyde sample containing 
78.2 per cent CH;CDO, 17.1 per cent CH;CHO, 1.8 per cent CH,.DCHO, 
and smaller percentages of more highly deuterated molecules (22). At 250°, 
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where chains are long and intramolecular rearrangements may be neglected, 
the assumption of acyl hydrogen capture gives a calculated CH;D/CH, 
ratio of 4.6 on the basis of the original aldehyde composition. The experimen- 
tally found ratio at several wave lengths was about 1.2. The authors pointed 
out that this might indicate a predominance of methyl hydrogen capture 
but that the results could be accounted for equally well by assuming a differ- 
ence of 1 or 2 kcal. in activation energies of reaction of methyl radicals with 
acyl-hydrogen and acyl-deuterium, respectively. Since the chains were long, 
it was proposed that methyl hydrogen capture for the two aldehydes would 
be followed by 

CH;CHO = CH; + CO, Vv 
and 

CH,CDO = CH;D + CO. VI 


Again the small CH;D/CH, ratio experimentally found could be accounted 
for by assuming reaction V is more rapid than VI. Although the data did 
not afford a choice between the two, a mixed mechanism involving both acyl 
and methyl hydrogen abstraction appeared to be eliminated. If this were 
not so, CH,D with CH;CDO would give substantial amounts of CH2D2. 
Actually, the quantity of CH2D.2 found was small, independent of temper- 
ature, and predictable from the original aldehyde composition. The molecu- 
lar hydrogen produced at all temperatures contained about 50 per cent HD, 
25 per cent He, and 25 per cent De, indicating that much of it at any rate 
came from the acyl part of the aldehyde molecule. 

The vapor phase photochemistry of ethylene oxide and of mixtures of 
this compound with mercury dimethyl has been investigated in considerable 
detail by Gomer & Noyes (23). The variables used were pressure, tempera- 
ture, and light intensity. No quantum yields were obtained. In the direct 
photodecomposition of ethylene oxide, the products were carbon monoxide, 
hydrogen, methane, ethane, acetaldehyde, and possibly formaldehyde. In 
the mercury dimethyl sensitized decomposition, the products were much the 
same except hydrogen was absent and some evidence, but no proof, was found 
for propionaldehyde. Considerable evidence was given for the reaction 


CH; + (CH:),0 = CH, + C,H;0 VII 


in the photolysis of the mixture. The C:H;O radical appeared to be surpris- 
ingly stable and was thought to disappear in part in the formation of pro- 
prionaldehyde. In the photolysis of pure ethylene oxide, the primary step 
was assumed to be 

(CH:)20 + hd» = CH; + HCO. VIII 


The primary products, thus, are considered to be the same as those known 
to be important in the photodissociation of the isomer, acetaldehyde (21). 
No evidence was obtained for long chain development at elevated tempera- 
tures so that secondary reactions do not appear to be completely analogous 
to those observed with acetaldehyde. 
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Taking advantage of the fact that aniline reacts rapidly and quantita- 
tively with ketene to form acetanilide, Ferris & Haynes (24) have demon- 
strated with a flow system that ketene is a substantial product in the photoly- 
sis of acetone in the temperature range 200° to 450°C. By analogy with the 
postulates of Rice & Herzfeld (25) for thermal dissociation, the ketene 
was accounted for by the following secondary steps involving methyl radi- 
cals: 


CH; + CH;COCH; = CH, + CH;COCH:, IX 
CH;COCH; = CH; + CH;CO. x 


At 450°, 1.42 M of CH, were obtained per mole of acetone decomposed. This 
result was explained by assuming the further decomposition of a portion of 
the ketene by the following reaction which was originally proposed by 
Williamson (26): 

2CH.CO = CH, + C + 2CO. XI 
Only at the lower temperatures where, presumably, chains were short was 
ethane found in quantity as a reaction product. The experiments indicated 
that per mole of acetone decomposed, the maximum ketene yield may be 
obtained near 300°C. 

Methyl iodide has been photolyzed by Schultz & Taylor (27, 28) at 
2537 A under varying conditions of radiation intensity, temperature, added 
carbon dioxide, and iodine removal by rotating silver vanes. Methane pro- 
duction was found to be directly proportional to light intensity, to be inde- 
pendent of temperature over the range 40° to 100°C., to be substantially 
independent of the efficiency of iodine removal, and to decrease with added 
carbon dioxide. Ethane production increased with efficiency of iodine re- 
moval and with increase in carbon dioxide. The results were explained by 
assuming that only ‘‘hot”’ methyl radicals, which carry excess energy of 32 
kcal. per M, produce methane by collision with methyl iodide. Because of 
the excess energy of the methyl radical, this reaction effectively has zero 
activation energy, is rapid, and is temperature independent. Carbon dioxide 
served to cool off the methyl radicals, and it was suggested that as this oc- 
curs, the methyls, no longer being able to abstract hydrogens, build up in 
concentration and combine to form ethane. Inefficient iodine removal re- 
duced the methyl radical concentration by the reaction, 


CH; + I, = CHI + I, XII 
. 
and hence less ethane was formed. It has been estimated by the authors 
that an energy of activation of about 1 kcal. per M for reaction XII would 
account for their results. This checks with an estimate given by Anderson & 
Kistaikowsky (29) of 0.5+0.5 kcal. for the same reaction. 


PHOTOSENSITIZED REACTIONS 


Masson & Steacie (30) have extended the study of Olsen (31) to gain 
further information concerning the nature of the primary processes, following 
excitation, in the mercury photosensitized dissociation of hydrogen and the 
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decomposition of propane. The authors were unable to excite resonance 
emission of HgH bands in propane-mercury and in hydrogen-mercury mix- 
tures; this result indicates that the primary mercury quenching process in 
the photosensitized reactions of both hydrogen and propane involves the 
direct formation of hydrogen atoms by the reaction, 


Hg(*P;) + RH = H +R + Hg('S») XIII 
where R represents a hydrogen atom or a propyl radical. However, the 
authors pointed out that a carbon-hydrogen bond rather than a weaker 
carbon-carbon bond is broken in the mercury photosensitized decompositions 
of a great variety of organic molecules, and this suggests HgH molecule 
formation in the primary quenching process. 

Hg(*P;) + RH = HgH + R. XIV 


In other experiments, Masson & Steacie found that the HgH bands observed 
in fluorescence on irradiating mixtures of mercury vapor, hydrogen, and 
nitrogen with 2537 A showed a marked decrease in intensity on increase in 
temperature, indicating extreme instability of the HgH molecule. On the 
basis of all the evidence, they concluded that if HgH molecules are formed 
in the primary process XIV, their existence is only transitory, and rapid 
dissociation must occur. Although the primary process cannot be decided 
unambiguously, this work indicates that there is little difference between the 
two possible processes, and the general conclusions drawn from most mer- 
cury photosensitized reactions are not affected. 

Moore & Wall (32) have reported a study of the mercury (8P;) photo- 
sensitized reaction of mixtures of hydrogen with isobutene, 1-butene, and 
2-butene. The reactions were studied from 24° to 300°C. and at a ratio of 
hydrogen to butene of 10/1. The volatile products of the reactions were 
determined by mass spectrometric analysis. About one-half of the total 
olefin consumed in these reactions formed a polymer of undetermined com- 
position. The authors assumed that hydrogen molecules take part in the 
only important quenching process, and the products of the reaction were 
explained in terms of addition of hydrogen atoms to the olefins and subse- 
quent reactions of the alkyl radicals formed. They found that hydrogen and 
isobutene mixtures gave 2,2,3,3-tetramethylbutane, neopentane, isobutane, 
propane, and methane as major products, and they proposed that the most 
probable product resulting from addition of a hydrogen atom to an isobutene 
molecule is a tertiary butyl radical; any isobutyl radicals formed decom- 
pose readily into methyl radicals and propylene. Hydrogen and 2-butene 
mixture reactions gave 2,3-dimethylpentane, n-pentane, n-butane, propane, 
ethane, ethylene, and methane as major products. Moore & Wall suggested 
that sec-butyl radicals are formed in this case but decompose readily to give 
methyl radicals and propylene. Hydrogen and 1-butene mixtures gave 3,4- 
dimethylhexane, m-butane, propane, propylene, ethane, ethylene, and meth- 
ane as major products. The authors proposed that sec-butyl radicals are 
formed by reaction between hydrogen atoms and 1-butene molecules; any 
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n-butyl radicals formed decompose into ethyl radicals and ethylene. The 
stability of the sec-butyl radical in this case appeared to be much greater 
than the stability of the same radical formed from 2-butene. It was suggested 
that this surprising result may arise in a difference in the mechanism of 
hydrogen atom addition to the two olefins. In the case of hydrogen atom 
addition to 2-butene, a methyl radical can be driven off in a replacement 
reaction on the carbon atom attacked, while an analogous reaction can not 
occur with 1-butene. 

The mercury photosensitized decomposition of cyclopentane at 30.0°C. 
and 5 to 200 mm. pressure has been studied by Allen, Kantro & Gunning 
(33). They found the main products to be hydrogen, cyclopentene, and cy- 
clopentylcyclopentane. The quantum yield of hydrogen was about 0.5. 
Pressure change was followed during the reaction, and the rate of hydro- 
gen formation was determined in many experiments. An initial rise in 
pressure during the course of an experiment was followed by a linear pres- 
sure decrease. This pressure variation was attributed to the formation of 
cyclopentylcyclopentane vapor which saturated the reaction volume in 
the early stages of an experiment and subsequently condensed in the cell as 
rapidly as it was formed. All of the experimental results indicated that 
excited mercury-atom (*P;) quenching by cyclopentane leads to the rupture 
of a carbon-hydrogen bond, and excited cyclopentane-molecule formation 
is unimportant. The authors proposed a reaction scheme involving the inter- 
action of hydrogen atoms, cyclopenty! radicals, and cyclopentane which 
was in qualitative agreement with the experimental results. 

Melville & Robb (34) have continued the investigation of the mercury 
photosensitized reaction of hydrogen and olefin mixtures by further appli- 
cation of a method which they had described previously (35). From a deter- 
mination of the rate of blueing of molybdenum trioxide, which is a function 
of hydrogen atom and alkyl radical addition to the oxide surface, the col- 
lision efficiencies have been estimated for the reaction (presumably addition) 
at room temperature between hydrogen atoms and various olefins. The cal- 
culated collision efficiencies of the reactions studied, 12 in all, were in the 
range 1.4X10~ (propylene) to 8.3 X10~4 (ethylene). The observed similarity 
in the reactivity of hydrogen atoms with olefins differing greatly in structure 
correlates well with the results of Raal, Danby & Hinshelwood (36), who 
studied the interaction of methyl radicals with olefins and the results of 
Kharasch & Sage (37) from a study of the relative reactivity of trichloro- 
methyl radicals with olefins in the liquid state. 

A preliminary investigation of mercury (#P,) photosensitized decomposi- 
tion of decane liquid over the range of temperatures 0° to 134°C. has been 
reported by Phibbs & Darwent (38). The major products were hydrogen and 
a liquid whose physical properties suggest a mixture of isomeric eicosanes 
(CoH 42). The Baeyer test showed that unsaturated compounds were absent 
from all fractions of the products. The quantum yield of hydrogen was found 
to increase regularly from 0.10 at 0°C. to 0.45 at 134°C. In explanation of the 
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results, Phibbs & Darwent proposed that a carbon-hydrogen bond is broken 
in the primary process 


Hg(*P:) + CioHs: = Hg('So) + CioHu + H XV 
and hydrogen atoms react exclusively by 
H + CicHa: = Hy + CioHu. XVI 


The decyl radicals produced in these reactions combine to form eicosanes 
but do not undergo disproportionation. The authors have questioned the 
interpretation of the results obtained by Bamford & Norrish (39) from 
studies of the photodecomposition of aldehydes and ketones in paraffinic 
solvents. Unsaturation produced in the solvent in the course of the experi- 
ments was interpreted by Bamford & Norrish as an indication of the dis- 
proportionation of large (octyl) radicals. Phibbs & Darwent, having found 
no alkenes, attributed the unsaturation reported by Bamford & Norrish 
to radical induced polymerization of lower olefins which are primary products 
of aldehyde and ketone photolysis. However, the hydrogen atom concentra- 
tion in the decane solutions decomposed by mercury photosensitization is 
probably much greater than that in solutions of aldehydes and ketones 
photochemically decomposed by Bamford & Norrish, and the possibility 
of decene formation and its subsequent hydrogenation in the study of Phibbs 
& Darwent should not be overlooked. 

The mercury photosensitized decomposition of methanol vapor has been 
investigated by Phibbs & Darwent (40). Hydrogen and ethylene glycol were 
identified as the only important products in the temperature range 25° to 
400°C. Formaldehyde and carbon monoxide also were important products 
above 400°C. The quantum yield of hydrogen was found to increase from 
0.43 at 25°C. to about unity at 400°C. The results are consistent with the 
occurrence of the primary process. 


Hg(*P;) + CH,OH = CH,OH + H + Hg('S)). XVII 


Secondary reactions involving a methyl hydrogen abstraction from the alco- 
hol by hydrogen atoms and combination of CH.OH radicals were suggested. 
The decomposition of CH,OH radicals, 


CH,OH = CH;,0 + H XVIII 


was important in experiments above 400°C.; the assumed mechanism and 
the temperature dependence of the rates indicated that the activation energy 
of this reaction is about 29 kcal. per M. The authors also present considerable 
evidence from CH;0D decomposition experiments that the oxygen-hydrogen 
bond is not broken in a possible alternate primary process or in reaction 
between a hydrogen atom and an alcohol molecule. 

The mercury photosensitized reaction of a mixture of hydrogen gas 
(about 97 to 99 per cent) and methyl chloride (about 3 to 1 per cent) has 
been studied by Lee & LeRoy (41). The major products of the reaction at 
25°C. are methane, hydrogen chloride, ethylene chloride, and an unidentified 
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solid compound. The mechanism of the reaction could not be determined 
unambiguously from the results because of the uncertain contribution from 
two possible quenching processes. The data indicated that both methyl 
chloride and hydrogen molecules react with excited mercury (3P;) atoms. 
The authors have proposed that ethylene chloride is formed by the combina- 
tion of CH2Cl radicals; the importance of several possible reactions leading 
to CH.CI radical formation could not be estimated. 

Kahn & Gunning (42) have reported results of a preliminary investiga- 
tion of hydrazine formation in the photolysis of ammonia at 1849 Ain a 
fast flow system. In the absence of mercury vapor, a direct photodecomposi- 
tion of ammonia occurred with a minimum quantum yield of hydrazine 
formation equal to 0.08. Excited mercury atoms ('P;) and (P,) present 
with ammonia caused a substantial lowering in the yield of hydrazine, al- 
though the quantum utilization was much higher in the photosensitized 
reaction than in the direct photolysis. In similar experiments with pure hy- 
drazine in a carrier gas, about 27 per cent of the hydrazine was decomposed 
by direct photodecomposition with 1849 A radiation but was practically 
completely destroyed (99.5 per cent) when mercury vapor was added to the 
mixture. Lee & LeRoy (43) have found that sodium (?P) atoms (with an 
excitation energy of 48.3 kcal. per M) will not sensitize the decomposition 
of ethane at temperatures up to 292°C. The reaction to form sodium hydride 
and ethyl radicals energetically may be possible, but it did not occur in these 
experiments. Investigations in the Schumann spectral region have been 
retarded in part because of inadequate radiation sources and techniques; 
hence, it is gratifying to observe that Dacey & Hodgins (44) have designed 
new mercury 1850 A and xenon 1470 A resonance lamps which promise to 
be useful. The mercury lamp was constructed with a synthetic sapphire 
window in common with the reaction system. Its output was reported to be 
6X10 quanta per second at 1850 A. The xenon discharge was carried out 
in a thin wall (about 0.05 mm.) quartz tube and was completely surrounded 
by the reaction system. By photolyzing carbon dioxide, whose quantum 
yield had previously been determined by Groth (45) to be 0.98, the authors 
estimated the output of the xenon lamp to be 1X10" quanta per sec. at 
1470 A. In studying carbon tetrafluoride with this equipment (46), it was 
found that no measurable decomposition could be obtained by direct absorp- 
tion of 1850 A radiation or by mercury sensitization. At 1470 A, however, 
slow decomposition occurred by direct absorption, and xenon sensitized 
decomposition took place readily with an estimated quantum yield of unity. 
The products were fluorine gas and an unidentified solid, presumably, 
(C2F4)n. The authors have suggested the quenching reaction to be 


Xe(*P,) + CF, = Xe(4So) + CF; + F XIX 
and concluded therefrom that the energy necessary to break the first carbon- 


fluorine bond in carbon tetrafluoride is more than 154 and less then 194 kcal. 
per M, the respective excitation energies of Hg('P:) and Xe(3P;) atoms. 
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The evaluation of the absolute rate constants for reactions of chain termi- 
nation (k;), propagation (kp), transfer (ky), and initiation in polymerization 
reactions has been continued in the past year by application of the techniques 
of photochemistry. Melville and co-workers have reported several such 
studies. Melville & Valentine (47) determined the individual rate constants 
in the benzoyl peroxide sensitized photopolymerization of styrene by a 
combination of lifetime studies by the rotating sector method and measure- 
ments of the degree of polymerization. A dilatometer was used to follow the 
rate of polymerization, and molecular weights were determined in a dynamic 
osmometer. Burnett (48) has also studied the polymerization of styrene by 
direct photopolymerization and thermal studies. He followed the rate of 
the polymerization by an accurate dilatometer. The lifetimes of the active 
centers were determined by an analysis of the nonstationary state which 
arises in the initial induction period and during the photochemical after- 
effect. The author was able to estimate from his data at 15° and 25°C. the 
ratio of k,/k, and the activation energies of the reactions of propagation 
and termination. From the author’s data and the value of k;,/k,? reported 
by Melville & Valentine (47), Burnett estimated the individual rate con- 
stants, k; and ky, and the frequency factors for these reactions. Some of the 
results of Melville & Valentine are compared with those of Burnett in Table 
II. [The rate constants, k, and frequency factors, A, are in liters per mole 
second and the activation energies in kilocalories per M.] 


TABLE Il 


STYRENE POLYMERIZATION DATA 





Temp., 





c ky,  keX10-* kyX10 EY E,  A,X10-* A,X10-* Ref. 
30 51.9 10.5 1.66 — — (47) 


25 39.5 5.96 1.26 6.3 1.9 1.44 1.48 (48) 





Kwart, Broadbent & Bartlett (49) greatly refined the apparatus and 
experimental procedure of Swain & Bartlett (50) and have redetermined the 
rate constants in vinyl acetate polymerization. Di-t-butyl peroxide was used 
as the photoinitiator in this study. Lifetimes were estimated by the rotating 
sector method, and the molecular weight of the polymer was determined 
both by osmotic pressure and light scattering measurements. The authors’ 
estimates of the constants (at 25°C.) of chain propagation, 1.0X10* 1. (M 
sec.)~!, and termination, 5.9 X 1071. (M sec.)~, are in quantitative agreement 
with the values reported by Matheson, Bevilacqua, Auer & Hart (51). 
The chain transfer constant, 0.25, reported by the authors was not in agree- 
ment with previous estimates. 

Melville & Valentine (52) have studied the benzoyl peroxide photosensi- 
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tized copolymerization of styrene and methyl methacrylate. From an analy- 
sis of the rates of polymerization and initiation with varied experimental 
conditions, the authors estimated the rate constants for the various possible 
propagation and termination reactions. The rate constant determined at 
30°C. for the chain termination reaction between two unlike radicals, 
2.06 X 108 1. (M sec.)~!, was much greater than that for reaction between two 
styrene radicals, 8X10, or two methyl methacrylate radicals, 2.710’. 
A similar result was reported by Arlman & Melville (53) from a photochemi- 
cal and thermal study of the benzoyl! peroxide initiated copolymerization of 
styrene and butyl acrylate. They found that the termination reaction be- 
tween unlike radicals was faster than the mean rate of reaction between two 
styrene or two butyl acrylate radicals. The analysis of the results of these 
copolymerization experiments is very complex, but the authors concluded 
that the existing schemes for explanation of copolymerization seem to give an 
adequate description of the facts. 

Conflicting views of the various investigators as to the relative impor- 
tance of chain termination by disproportionation and combination in poly- 
merization reactions have continued. Melville and co-workers concluded 
that the bulk of the evidence favors disproportionation. Evans, Matheson & 
Bartlett appear to favor chain termination by combination. Burnett (48) 
has assumed disproportionation in his rate constant calculations but reported 
there was little evidence to support a choice between the two possible termi- 
nating reactions. Since the values of calculated rate constants are dependent 
on the nature of the terminating reactions which is assumed, a solution to 
this problem obviously is needed. 

The action of methyl radicals produced in acetaldehyde photolysis on 
fluoro-substituted olefins has been investigated by Raal & Danby (54) at 
3130 A and 300°C. In contrast to the behavior of ethylene, vinyl fluoride 
while undergoing polymerization did not inhibit the photolysis of acetalde- 
hyde, while tetrafluoro-ethylene undergoing a corresponding process actually 
accelerated the aldehyde decomposition. To account for the sustained alde- 
hyde decomposition taking place simultaneously with fluoro-olefin poly- 
merization, the authors have proposed the formation by chain transfer of 
trifluoromethyl] radicals which induce aldehyde decomposition to methane 
and carbon monoxide without themselves participating in a cyclic process. 
This proposal warrants further investigation. The corresponding reaction 
with vinyl] fluoride was not discussed. 

Kharasch and his associates continued to demonstrate the importance of 
photochemically produced free radicals in synthetic organic chemistry. In 
the twenty-second article of a series (55), they have shown that radicals 
from bromotrichloromethane reacting with 1-alkynes yield one-to-one ad- 
ducts and polymerization-addition products. They have found also that 
1-alkynes are less reactive than the corresponding 1-alkene, both in ability 
to add trichloromethyl radicals and in the ability of the free radicals thus 
formed to react with bromotrichloromethane. 
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MISCELLANEOUS PHOTOCHEMICAL REACTIONS 


In two well presented articles, Dainton & Ivin (56, 57) have reported 
extensive gas phase photochemical studies of sulfur dioxide reactions with 
aliphatic hydrocarbons. The reaction products, sulfinic acids, settled out 
as colorless or pale yellow oils. With saturated hydrocarbons, the reaction 
appeared to become more efficient in the series from methane through pen- 
tane, and from hydrocarbons containing primary to those containing tertiary 
carbon atoms. Quantum yields, estimated with the aid of a uranyl oxalate 
actinometer ranged from 0.006 for methane to 0.26 for pentane and were 
essentially independent of wave length. Olefins reacted less readily than 
saturated hydrocarbons, presumably because they are more effective in 
quenching excited sulfur dioxide molecules. In the wave length region em- 
ployed, 2400 to 3340 A, there can be no question that the primary process 
is the formation of activated sulfur dioxide molecules. The authors suggested 


that these are in the form of diradicals, O—S—=O, which add to the hydro- 


carbons, and rearrangements to the acids follow. Competing reactions were 
considered to be deactivation by hydrocarbons, by sulfur dioxide, and by a 
form of internal conversion which is not clearly explained. In kinetic studies 
with n-butane and 1-butene, temperature coefficients of less than unity were 
found over the range 15° to 100°C. This was attributed to increase in internal 
deactivation of sulfur dioxide with increase in temperature. Quenching by 
normal sulfur dioxide was not believed important since quantum yields with 
n-butane were found to be independent of sulfur dioxide pressure. Quenching 
by 1-butene and butadiene was found to be particularly effective in the n- 
butane-sulfur dioxide reaction system. 

Isobutylene oxide has been shown by Bell, Rust & Vaughan (58) to bea 
major product in the photodecomposition of pure di-t-butyl peroxide. Other 
products were t-butyl alcohol, acetone, and a polymer having the empirical 
formula C4.¢H7,70. The thermal dissociation of the pure compound was shown 
to differ from this in giving large amounts of methane, a trace of ethane, 
and only a trace of polymer. 

Using the pure liquid phase, a resonance mercury lamp and a uranyl 
oxalate actinometer, Linnell & Noyes (59) studied the photolysis of propio- 
lactone for the first time. Products reported are carbon monoxide, carbon 
dioxide, ethylene, acetaldehyde, and a light yellow polymer. Quantum 
yields were low, being approximately 0.05, 0.009, and 0.002, respectively, for 
carbon monoxide, carbon dioxide, and ethylene. They appeared to be tem- 
perature independent over the range 0° to 25°C. Acetaldehyde production 
was estimated to be equivalent to that of carbon monoxide. To account for 
the low ethylene to carbon dioxide ratio, it was suggested that some of the 
ethylene was incorporated in the polymer. A filter which eliminated 1849 A 
materially reduced the carbon monoxide quantum yield, but had no effect on 
that of carbon dioxide. Two primary processes thus are indicated, one which 
is favored at 2537 A, producing carbon dioxide and ethylene and the other 
predominating at 1849 A, yielding carbon monoxide and acetaldehyde. 
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Kistiakowsky & Rosenberg (60) have studied the photodecomposition 
of pure ketene vapor and mixtures of ketene with ethylene, propylene, or 
carbon dioxide. Experiments were carried out at varied temperatures, pres- 
sures, and intensities of 3000 to 3700 A radiation. In addition to the major 
products, ethylene, and carbon monoxide, mass spectrometric analyses of 
the gaseous products from ketene photolysis indicated also the presence of 
propylene and smaller quantities of several other hydrocarbons. There were 
indications of small amounts of acrolein and two different polymeric sub- 
stances in the products. The rate of pressure change was determined in most 
experiments, and the ketone decomposition usually did not exceed 5 per cent. 
The ratio of the rate of pressure change on irradiation of a mixture of ketene 
and added gas to the rate for pure ketene (ketene pressure the same in each) 
was found to be independent of the total pressure and a function of the com- 
position alone; a four-fold variation in light intensity, coated walls, increased 
surface to volume ratio in the cell, increased temperature, and added carbon 
dioxide, all had little effect on this ratio. The results were consistent with the 
formation of methylene radicals and carbon monoxide in a primary process. 
The authors concluded that methylene radicals did not undergo an associa- 
tion reaction under the conditions of these experiments but reacted with 
ketene, or added ethylene or propylene; the data indicated that these reac- 
tions have very similar activation energies and frequency factors. It was sug- 
gested that this similarity was due to the formation of a diradical in the first 
step in each case. 

-CH,- + CH.=CR = -CH,CH,CR XX 
Subsequent reactions of the diradicals explained the observed products. 
The authors have combined their data with that of Norrish & Porter (61) 
to estimate the rate constants of the reactions of biradical formation and 
methylene radical association. 

Preliminary results have been reported by Pitts & Blacet (62) of a photo- 
chemical study of methyl ethyl ketone, using iodine as a radical trap and a 
mass spectrometer as an aid to chemical methods of analysis. With iodine 
present they obtained a surprisingly low quantum yield of 0.11 for carbon 
monoxide production at 3130 A and 175°. In addition to CHsl and C2H,l, 
they have obtained evidence for a third iodide which shows some of the char- 
acteristics of isopropy] iodide. Iodide quantum yields reported are contained 
in Table III. Acetyl iodide, which was to be expected because of the low 


TABLE III 


IODIDE QUANTUM YIELDS FROM METHYL ETHYL KETONE 








Wave length, A 2654 3130 3130 
Temp., °C. 100 100 175 
®cu;1 0.08 0.01 0.01 
Pc, 151 44 40 43 


PTotal iodides 1.02 .68 71 
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carbon monoxide quantum yields was not found. Further study of this prob- 
lem is under way. 

Dissolved oxygen has been found by Hacobian & Iredale (63) to have a 
profound inhibiting effect on the photodecomposition of organic iodine 
compounds in solution. For example, when no efforts were taken to remove 
dissolved oxygen in the photolysis of iodoacetic acid in hexane, the quantum 
yield of iodine, #;,, was 0.49. After bubbling pure, oxygen-free nitrogen 
through the solution, $y, dropped to 0.42. It was found that after six vacuum 
distillations, ®;, dropped to zero. When oxygen was allowed to redissolve in 
the solution, the rate of iodine formation became the same as before. Similar 
photolyses in hexane of methyl iodide, ethyl iodide, zso-amyl iodide, iodo- 
benzene, and p-iodotoluene gave #;, values of about 0.5 with oxygen present 
and values less than 0.05 after special measures were taken to remove oxy- 
gen. The authors expressed the opinion that the reaction 


R a O. = RO, XXI 


is important, generally, in reaction systems in which are produced radicals 
susceptible to oxidation. This work indicates that results of many liquid 
phase photochemical studies may be subject to reinterpretation. 

Zimmerman & Noyes (64) have estimated the mean lifetimes of iodine 
atoms in irradiated solutions of iodine in hexane at 25°C. by a rotating sector 
method. A mercury arc and glass filters provided approximate monochromat- 
ic radiation of wave lengths 4360 A and 5780 A. The authors estimated 
the relative iodine atom concentration in different solutions by the relative 
rates of the exchange reaction between radioactive iodine and trans-diiodo- 
ethylene. In this case also, oxygen was found to have a marked effect on the 
rate of the reaction; the mean lifetime of iodine atoms calculated from experi- 
ments in which air was in contact with the solution was about 100 times that 
found in degassed solutions. The data of Rabinowitch & Wood (65), relating 
iodine atom concentration in iodine solutions in hexane and the absorbed 
light intensity, were combined with calculated lifetimes in degassed solutions 
to estimate the primary quantum yields of iodine molecule dissociation in 
hexane solution at 25°C.; the quantum yields were calculated to be 0.59 at 
4360 A and 0.37 at 5780 A. The rapid recombination of a fraction of iodine 
atoms following their formation was proposed to explain the deviation of the 
values from unity. 

A promising new technique for studying photochemical processes has 
been described by Porter & Norrish (66). From inert gas filled discharge 
tubes, radiant intensities were obtained providing up to 10” quanta per 
flash of .001 sec. duration. With the aid of synchronized photographic absorp- 
tion spectrum measurements, it was found that in some instances almost 
complete reaction occurred as a result of a single flash. For example, chlorine 
at 1 mm. Hg pressure was about 80 per cent dissociated by one flash, and the 
half-life of the atoms was estimated to be 3X10~? sec. A mixture of chlorine 
and carbon monoxide was found not to yield phosgene in contrast to many 
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observations made with commonly employed radiant intensities. This was 
interpreted as indicating that at high chlorine atom concentrations 


coci + Cl = CO+ Ch XXII 
predominates over 
COC] + Cl = COC), + Cl. XXIII 


Exploratory studies of several other reactions were reported. 

The use of radioactive halogens to identify radicals formed in photolyses 
has been suggested by Durham, Martin & Sutton (67), and also by Williams 
& Hamill (68). With iodine and hydrocarbon radicals, for example, known 
quantities of suspected alkyl iodides can be added as carriers after a system 
has been irradiated, and then by fractionation and Geiger counting, the 
original photo-produced radicals can be identified. 

Rutenberg & Taube (69) have investigated the photochemical reaction 
of chlorine with divalent manganese ion in aqueous solution. The quantum 
yield of chlorine molecules reacting over a considerable range of conditions 
was found to be independent of concentrations of manganous ion, molecular 
chlorine, or pyrophosphate ion and independent of light intensity. This was 
interpreted as meaning the primary process is rate controlling, and therefore, 
the observed quantum yields are primary yields. Thus, primary yields at 
wave length 3650 A were 0.17 and 0.12 at 25° and 3°C., respectively, and 
at 4360 A, 0.10 and 0.055 for the same respective temperatures. A marked 
increase of quantum yield was observed with increase in chloride ion con- 
centration. This was attributed to greater primary efficiency of Cl;~ decom- 
position. A few experiments indicated that cerous ion had the same effect as 
manganous ion. 

The photo-oxidation of water by ceric ions has been given further study 
by Evans & Uri (70). They challenged the postulate of Heidt & Smith (71) 
that the primary process consists of the formation of an active ceric dimer 
and stated they have spectrometric information, to be published later, whick 
shows that in the perchlorate and perchloric acid solutions under considera- 
tion, the ceric cerium is predominantly in the ion-pair Cet4OH~-. They sug- 
gested the following over-all mechanism which explains well the experimental 
results of Heidt & Smith. 


Ce*4OH- + jv = Ce*OH XXIV 
Ce**OH = Ce** + OH XXV 

Ce*+ + OH = Ce*t + OH- XXVI 
Ce**OH- + OH = Ce** + H,0: XXVII 
2Ce**OH- + H,0, = 2H,0 + 2Ce** + O, XXVIII 


The authors expressed the opinion that hydroxyl radicals as postulated in 
this mechanism will be found important in many aqueous reaction systems. 
Preliminary reports have been made by Douglas & Yost (72) of a study of 
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the photochemical reduction of water by europium (II), producing hydrogen 
gas and europium (III). About 0.2 molecule of europium (II) were oxidized 
per quanta absorbed. 


Finally, mention should be made of an interesting and thought provoking 


article by Daniels (73) in which he speculates on possible uses of photochemi- 
cal processes, other than photosynthesis, in the utilization of solar energy. 
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PHOTOSYNTHESIS! 
By E. RABINOWITCH 


Department of Botany, University of Illinois, 
Urbana, Illinois 


INTRODUCTION 


The progress the science of photosynthesis has made since 1946 stems 
largely from two developments initiated shortly before the last war. In 
1939, Hill discovered the photochemical activity of isolated chloroplast 
fragments, thus breaking the ban that had frustrated previous attempts to 
divide photosynthesis into steps susceptible of separate study. In the same 
year, Ruben, Hassid, and Kamen first applied isotopic tracers, thus opening 
a new approach to the identification of the elusive intermediates of carbon 
dioxide reduction. 

The studies of ‘Hill reaction” and the carbon tracer experiments lead to 
widespread acceptance of the concept that photosynthesis consists of two 
stages: (a) photochemical oxidation of water? by an intermediate oxidant, X, 
coupled with enzymatic liberation of molecular oxygen, 

, light enzymes 
X + 2H.O ——— XH, + 2[{;0H] ———-— XH; + H,0 + 40, 
and (6) enzymatic fixation and reduction of carbon dioxide by the reductant, 
XHsz. If the final product of photosynthesis is a hexose, this stage can be 
formulated as follows: 
6CO, + 12XH, > 12X + CyHi.0. + 6H.0- I 

However, as long as the compound X has not been definitely identified 
and reaction II reproduced by supplying XH: to plant cells in the dark, the 
question remains opens whether the reductant XH is produced in light as 
a kinetically independent agent or must be immediately utilized within the 
same molecular complex for reaction II. It even can be argued that none 
of the experimental results excludes the possibility that the intermediate X 
is not needed at all and that the reduction substrates of photosynthesis 
themselves serve as hydrogen acceptors in reaction I. 


1 The survey of the literature pertaining to this review was concluded in March, 
1951. 


* Van Niel, and many others after him, call this reaction “decomposition” of 


v 

water and represent it by the equation, HOH—H+OH; but “oxidation” is a more 
appropriate term since the essence of the reaction is the transfer of hydrogen from 
water to an ‘“‘acceptor.” 

* Brackets indicate that the primary oxidation products in I are not supposed 
to be free hydroxyl radicals. More likely, the hydrogen atom is taken in reaction I, 
not from a free water molecule, but from an organic molecule formed by hydration, 
leaving behind, not a hydroxyl, but an organic radical with a free oxygen valency. 
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The two alternatives are represented in schemes III and 1V in which 
arrows indicate transfer of hydrogen: 


1 
— (CH;0), + H:O 
n 


, (II) INH. (I) 2H.O 
Dieatecsts oe (oor) aaa Sa a 
Co; RCOOH 2X: O- 


enzymes light + enzymes 


1 
2% (CH,O),, + H,0 
n 





( RCH.O + H.O ) (I + ID) 2H.0 


a « IV 
CO; RCOOH 0, 


light + enzymes 

What has been definitely established is that it is possible to interrupt the 
reaction sequence III or IV somewhere on the left of the heavy arrow and 
to substitute for the complex chemical mechanism of reduction of carbon 
dioxide a simple organic or inorganic reaction, such as the reduction of 
quinone to hydroquinone. In scheme III, the substitute oxidant may replace 
either the intermediate, X, or final acceptor, carbon dioxide (or RCOOH); 
the strong effect of quinone on chlorophyll fluorescence in vivo (and some 
other observations mentioned in the section on the Hill reaction in whole cells) 
favor the first assumption. The (less pronounced) effect of carbon dioxide on 
fluorescence is considered by Franck as evidence in favor of scheme IV, 
without an intermediate system XH2/X, since this scheme permits carbon 
dioxide (or a carboxylic acid, RCOOH, formed by fixation of carbon dioxide) 
to associate itself directly with the chlorophyll-protein complex and to change 
the rate of dissipation of excitation energy in this complex. (In scheme III, 
this effect must be attributed to an induced change in the system XH2/X 
directly associated with chlorophyll.) As an argument in favor of alternative 
III, one can point to the “‘chemosynthesis” of bacteria, in which the reduction 
of carbon dioxide is made possible by coupling with an exothermic reaction, 
such as the auto-oxidation of hydrogen or sulfide. An evolutionary thread 
seems to run from the (aerobic) chemosynthetic bacteria, through the 
(anaerobic) photosynthetic bacteria (‘“‘purple bacteria’) to green plants— 
a connection emphasized by the capacity of some algae to revert to the 
chemosynthetic way of reducing carbon dioxide after anaerobic incubation. 
This relation makes plausible the hypothesis that the mechanism of reduc- 
tion of carbon dioxide is the same whether the reducing agent is produced by 
light or by an exothermic chemical reaction. 

The stage of photosynthesis comprising the fixation and reduction of 
carbon dioxide commands the main interest of biochemists and plant 
physiologists, to whom photosynthesis always has been, primarily, the con- 
version of carbon dioxide to carbohydrates. From the point of view of physi- 
cal chemistry, the photochemical stage is perhaps more interesting because 
in this stage, light energy must be used to take hydrogen away from water 
and transfer it, against a steep gradient of chemical potential, to a C=O 


4 Carbon dioxide is reduced, not as such, but after incorporation into an organic 
acid, as RCOOH. 
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bond or an intermediate acceptor, X, which is able to unload it in the dark 
onto a C=O bond. This means the oxidation of a redox couple with a 
potential as low as —0.8 v. (the potential of an oxygen electrode at pH 7) 
by a couple of high positive potential [+0.5 or at least +0.4 v., the electro- 
chemical equivalents of the free energy of reduction of carbon dioxide to 
(1/n)(CH:0),+H,0 and of RCOOH to RCH,OH+H,0, respectively]. 
The assumed two-part mechanism of photosynthesis bears obvious 
analogy to a well-known mechanism of the reverse process, the oxidation 
of carbohydrates in respiration. Following the glycolytic splitting of hexose 
into two C;-fragments, this mechanism involves two main stages: (a) the 
oxidative decarboxylation cycle (Krebs cycle), in which carbon dioxide is 
liberated by several ‘“‘de-carboxylases” and hydrogen transferred to several 
‘“‘de-hydrogenases,”’ and (b) a sequence of oxidation-reductions by which 
hydrogen is moved from the de-hydrogenases ‘‘down’”’ to oxygen as final 
acceptor. The first set of reactions is more or less easily reversible in the 
dark, while the second one is practically irreversible, since 80 to 90 per cent 
of the energy of respiration is liberated in this ‘‘hydrogen slide.” The 
photochemical stage of photosynthesis can be likened in its net result to 
the reversal of this energy-liberating stage of respiration achieved by the 
supply of light energy, while the fixation and reduction of carbon dioxide 
appears in its net result as a reversal of the de-carboxylation and de-hydro- 
genation cycle. However, present evidence does not favor the assumption 
that in either of these two stages, photosynthesis follows in detail the path 
taken by respiration: rather, similarity seems to be restricted to the general 
character of the two stages (and, perhaps, to some common intermediates). 
The information accumulated in the field of photosynthesis and in related 
fields of pigment chemistry, photochemistry, and plant morphology is so 
prodigious that only a small part of it can be touched upon in this review. 
Because of the special interest of the photochemical stage to physical chem- 
ists, we will restrict ourselves to it. The chemistry of the carbon dioxide 
reduction has been recently reviewed by Benson & Calvin (1) and by Gaffron 
& Fager (2) in the Annual Review of Plant Physiology and in several other 
articles [see Benson, Calvin, e¢ al. (3, 4) and Brown, Fager, Gaffron, et al. 
(5, 6)]. We must, however, mention the two most significant results secured 
so far in this field: the identification of phosphoglyceric acid as the primary 
product of carbon dioxide fixation and the proof that this compound under- 
goes a cyclic process by which one part of it is reduced to carbohydrate 
while another part is converted into a ‘“‘CO,-acceptor” (presumably, a C:- 
compound) which, by carboxylation, regenerates phosphoglyceric acid. The 
details of this cycle are as yet uncertain; various possibilities have been 
discussed by Benson & Calvin (1, 3, 4) and by Gaffron, Fager, et al. (2, 5, 6). 
Even in discussing the photochemical aspects of photosynthesis, we will 
have to restrict ourselves to a few selected topics. Because chlorophyll 
fluorescence and its relation to photosynthesis have been recently reviewed 
by Franck (7), no attempt will be made to cover these phenomena. A sum- 
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mary of the kinetics of photosynthesis, which, in its most conspicuous aspects 
appears to be determined by the photochemical water oxidation and the 
enzymatic reactions closely associated with it, would properly belong into 
the present review; but it seems impossible to summarize this intricate 
subject in the limited space available here; the author must refer for such 
a summary to Volume II of his monograph Photosynthesis and Related 
Processes (8). 

Three topics will provide the main content of the present review: (a) 
the Hill reaction, (6) the quantum yield, and (c) the function of the different 
pigments. 

HILL REACTION 


Discovery.—Hill (9, 10) discovered that the weak burst of oxygen which 
Friedel found in 1901 to occur upon illumination of leaf powders can be 
converted into sustained oxygen evolution if mashed leaf material is sus- 
pended in a medium containing ferric saits. Analytical determinations indi- 
cated that the reaction is 


light 
2Fe+ + HO — 


Ss. 2F 22+ 2H+ 10.- V 
chloroplasts _ +m 


The immediate conjecture that the Hill reaction represents ‘‘photosynthesis 
with a substitute oxidant’’ has been since strengthened almost to the point 
of certainty. Two experiments are particularly convincing. Holt & French 
(11) showed the isotopic composition of oxygen liberated by the Hill reaction 
from O!8-enriched water to follow that of water, thus proving that this reac- 
tion is, in fact, a photochemical oxidation of water. Clendenning & Ehrman- 
traut (12) showed that the kinetic characteristics of the Hill reaction are 
very similar to those of photosynthesis. This includes the saturation rate, 
the maximum yield per light flash, the dark intervals required to obtain 
this yield, and, assuming that the quantum yield of photosynthesis is 1/8 to 
1/10 (cf. section on QUANTUM YIELD OF PHOTOSYNTHESIS), the maximum 
quantum yield [Ehrmantraut & Rabinowitch (79)]. The inference is that the 
two reactions have in common both the photochemical process and the 
enzymatic reaction which limits the rate in strong light. 

Can carbon dioxide serve as oxidant in the Hill reaction?—Boichenko (13) 
claimed that deposits of leaf mash on filter paper, suspended in carbonate 
solution, produce oxygen in light, if the medium is made reducing by the 
addition of fructose. A decrease of pH in light indicates reduction of carbon 
dioxide. Later, Boichenko (14) asserted that the same preparations reduce 
carbon dioxide (to formic acid) also in the dark, if molecular hydrogen is 
provided. Boichenko’s experimental techniques were elementary, and some 
concepts used in the interpretation implausible. Her study, is, therefore, 
in need of critical repetition. 

Franck (15) noted that carbon dioxide prolonged evolution of oxygen by 
chloroplast preparations without added oxidants (Friedel phenomenon) ; 
but Brown & Franck (16) could find no C*™ fixation by chloroplasts under 
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these conditions. A new hope of linking the Hill reaction with the reduction 
of carbon dioxide was raised by recent observations of chloroplast-sensitized 
reductive carboxylation of pyruvate to malate (see section on Different 
Hill oxidants). 

Chloroplast preparations.—A handicap in the study of the Hill reaction 
is the variability and instability of chloroplast preparations. Leaf macerates 
freed only from coarse particles often are quite active but lose their activity 
more or less rapidly, probably depending on the composition of the cell 
sap. Purer preparations, obtained by rapid centrifugation and re-suspension 
and consisting of whole or broken chloroplasts, usually are less efficient but 
keep their activity longer. Mechanical dispersion and fractionation leads to 
fractions containing more or less uniform particles, sometimes described as 
“grana”’ [cf. Warburg & Liittgens (17) and Aronoff (18a)]; however, there 
is no proof that they actually consist of pigmented grana (known to exist 
in most if not all chloroplasts) and are free from the colorless ‘‘stroma.’’® 

Finely dispersed preparations usually have a lower activity, as measured 
by the rate of oxygen production in strong light per unit chlorophyll weight, 
than the coarser dispersions; no significant enrichment of the enzyme, pre- 
sumably limiting their activity, could be achieved by fractional centrifuga- 
tion [see Holt, Smith & French (19) and French and co-workers (20)]. A 
partial restoration of the activity has been noted by Milner, Koenig & 
Lawrence (20) when extremely fine particles were coagulated by the addition 
of salts. Since photosynthesis probably involves an enzyme whose concentra- 
tion is only approximately 0.1 per cent of that of chlorophyll (cf. section 
on ROLE OF PIGMENTs), breaking chloroplasts into very small fragments may 
produce numerous particles which lack even a single molecule of this enzyme. 

Kumm & French (21) and Clendenning & Gorham (22) found that only a 
few plant species (e.g., millet, flax, Swiss chard, spinach, lettuce) give rela- 
tively stable, active chloroplast preparations; broad leaf trees and conifers 
proved unsuitable; disintegrated Chlorella cells lost their activity within a 
few minutes. Various methods of disintegrating cells have been studied, 
including ultrasonic waves |French, Holt, Powell & Anson (23)] and passage 
through a needle valve [French and co-workers (20)]. Arnold & Oppenheimer 
(24) disintegrated blue-green algae by squeezing them between cylinder 
and barrel of a syringe. 

To preserve activity, chloroplasts must be kept cool during disintegra- 
tion [Qio of deactivation is as high as 6.4 (80)]. Activity is lost instantane- 
ously at 55°C. [Arnon & Whatley (25)] and rapidly even at 0°C. Stirring, 
shaking, or dilution accelerate deactivation. Gorham & Clendenning (26) 
found that activity can be preserved indefinitely by snap-freezing in 0.5 M 
sucrose solution, storing at —40°C., and thawing rapidly at room tempera- 
ture. Holt, Smith & French (19) noted some stabilization by 10 per cent 
propylene glycol; Milner, French, Koenig & Lawrence (20) obtained better 


5 Beautiful electron microscope photographs of the grana have been published by 
Granick & Porter (18b) and by Algera et al. (18c). 








366 RABINOWITCH 


results by 10 to 15 per cent methanol. Warburg & Liittgens (17), noting 
that potassium chloride restored the activity of chloroplast preparations 
lost by dialysis, calied it the ‘‘co-enzyme’”’ of the ‘Hill enzyme.’’ However, 
Arnon & Whatley (25) found that chloride, which is not a necessary micro- 
nutrient, is not essential for the Hill reaction, either. This salt seems, how- 
ever, to protect isolated chloroplasts from inactivation in light. 

Different Hill oxidants; Coupling of the Hill reaction with reduction of 
carbon dioxide.—Hill (9, 10), who found ferric oxalate the most convenient 
oxidant, recommended addition of ferricyanide to re-oxidize the ferrous 
oxalate formed, instead of allowing it to react back with oxygen. Holt 
& French (27) found that ferricyanide can serve as oxidant also without 
ferrous oxalate. Warburg & Liittgens (17) discovered that o-benzoquinone 
and a-naphthaquinone sulfonate are reduced by chloroplasts in light; 
Aronoff (18) added several naphtha- and anthraquinones, Gurevich (28) 
added o-dinitrobenzene, and Holt & French (11) added chromate and 
several quinonoid dyes with comparatively low potentials (phenol indophenol, 
E,= —0.254 v.; 2-6 dichlorophenol indophenol, E,= —0.247 v.; o-cresol 
indophenol, E,= —0.217 v.; all at pH 6.6). With thionine (E,= —0.074 v. 
at pH 6.6), the results were doubtful; with 1-naphthol-2-sulfo-indophenol 
(E,= —0.147 v.), methylene blue (EZ, = —0.024 v.), and several indigo sul- 
fonates (E,>0.0 v.), negative. Holt, Smith & French (19) listed seven more 
dyes (of unspecified potentials) found effective as Hill oxidants. 

As stated in the INTRODUCTION, the potential of the oxidant in photosyn- 
thesis is as high as +0.5 v., while that of the reductant is —0.8 v., at pH 7. 
The difference of 1.3 v. corresponds to the large increase in free energy in 
photosynthesis (AF°=4X1.3 X23=119 kcal. per M CO:). The known Hill 
oxidants have potentials up to —0.2 v.; their reduction is, therefore, equiva- 
lent to light-induced transfer of hydrogen from water to an acceptor about 
half-way up the slope leading to carbon dioxide. With pyridine nucleotides 
(E,.=+0.3 v.), no reduction could be noted spectroscopically and no oxygen 
evolution was observed manometrically. Recently, however, Ochoa and co- 
workers (81) and Tolmach (82) in Franck & Gaffron’s laboratory found 
that if pyruvate, carbonate, triphosphopyridine nucleotide (TPN), manga- 
nese salts, and an enzyme (‘‘malic enzyme”) which catalyzes oxidative 
decarboxylation of malate to pyruvate are added to a chloroplast suspension 
and illuminated, the formation of malate can be proved by enzymatic 
tests and the formation of oxygen, either by reduction of chromous chloride 
(Ochoa) or by phosphorescence quenching [a sensitive method introduced 
by Franck & Pringsheim (29); cf. Tolmach (82)]. The fixation of carbon in 
the chloroplasts also can be detected under these conditions by C™-tracer 
(Tolmach). In this system, TPN must serve as the primary hydrogen accep- 
tor; rapid re-oxidation of TPNH: (by oxygen or by its precursors, ‘‘photo- 
peroxides,” presumably formed in the photochemical oxidation of water) 
must be the reason why no Hill reaction could be detected with TPN alone. 
In the complete system, hydrogen must be transferred from TPNH: to 
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pyruvate rapidly enough to compete with its transfer back to the ‘‘photo- 
peroxides” (oxygen being eliminated, in Tolmach’s experiments, by a fast 
stream of nitrogen, and in Ochoa’s experiments, by absorption in chromous 
chloride). 

The ultimate oxidant is the carbonyl group in pyruvic acid, not the 
carboxyl group formed by addition of carbon dioxide to pyruvate: 

Chloroplasts + enzymes 
CH;COCOOH + 2[H] + CO; << + light — CH.COOHCHOHCOOH. VI 

There is little doubt that the first reaction of carbon dioxide in photo- 

synthesis is the addition of an organic molecule, RH, to a C=O bond: 


R H 


a 
RH + O=C=020=C—O(=RCOOH). vil 








The two steps in the reduction of carbon dioxide to carbohydrate: 


H H 
+2(H] | | 


H H 
+ 21H} | | 
O————~0—C—0(=CH.0 + H,0) VITl 
| 
H H 


are thus replaced by the two steps in the reduction of a carboxy]: 


OH OH O 
/+2{H) 74 Vi +2(H)_ | 
a + H.0) ae +H,0. IX 
H H H 


Since VII has a comparatively small free energy, 5 to 10 kcal. per M, the 
two steps in IX require only slightly less energy than the two steps in VIII. 
In both sequences, the first step is more difficult than the second one, carbon- 
oxygen bonds being strengthened by accumulation at a single carbon atom. 
Approximately, the potentials of the two steps in IX are: 


RCOOH/(RCHO + H,0):E, = + 0.4 to 0.5 v. 
RCHO/RCH,OH:E, = + 0.2 to 0.3 v. 


The second step can be brought about by reduced TPN (EZ,= +0.3 v.) 
alone; the first one may require, in addition, the degradation of a high 
energy phosphate (~P), which may mean a potential shift by about 0.2 v., 
if the energy of one ~P molecule is used to transfer two hydrogen atoms. 

It could be suggested that an insufficiently high normal potential of the 
reductant can be compensated by an extreme concentration ratio of the 
oxidized and the reduced form, so that continuous reduction of RCOOH to 
RCHO+H:0 could be achieved if photochemical reduction of TPN would 
keep the concentration ratio ({TPNH:]/[TPN]) high; while the removal of 
the reduction product. RCHO. by an appropriate chemical or physical 
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mechanism would keep the ratio ([RCHO]/[RCOOH]) low. However, the 
potentialities of such a mechanism are strictly limited. Back reactions of 
TPNH: with the photochemical oxidation products of water will hamper 
the maintenance of a high ratio ({TPNH:]/[TPN]). It was assumed above 
that TPNH: reacts with the malic enzyme system fast enough to compete 
with these back reactions. If the reduction of RCOOH by TPNH: is endo- 
thermic, it will not proceed at high rate, whatever the ratio ({TPNH:] 
/{TPN]) may be. Enough TPN molecules must be present in the photo- 
stationary state to give all excited chlorophyll molecules a chance to react 
with them. For all these reasons, it seems unlikely that the reduction of 
carboxyl to carbonyl can be mediated in photosynthesis by a catalyst such 
as TPN whose normal potential is 0.1 to 0.2 v. below that of the carboxyl- 
carbonyl system, without the help of a high energy phosphate. 

To sum up, the Hill reaction has now been successfully coupled with a 
reaction equivalent to (but not necessarily identical with) the carboxyla- 
tion step and the less difficult of the two reduction steps in photosynthesis. 
By preliminary phosphorylation of the carboxyl group, it should prove feasi- 
ble to link the Hill reaction, in vitro, also with a reaction analogous to the 
second, more difficult reduction step. 

It has been suggested (8, pp. 164, 233) that one way in which more 
than four photons could be utilized to transfer four hydrogen atoms from 
water to carbon dioxide is by first transferring more than four (e.g., eight) 
hydrogen atoms to an intermediate acceptor and then letting all but four 
slide back, and using the liberated energy to transfer the four remaining 
hydrogens to the final acceptor; this mechanism was designated as ‘‘dismuta- 
tion of energy.’’ Kok (30) and van der Veen (31) suggested that the energy 
liberated in the back reactions could be stored as ~P energy. This idea 
easily fits into the concept that light produces a reductant such as TPNH: 
which requires ~P energy to reduce a carboxyl group. 

All this is speculation; there is, as yet, no direct evidence that photosyn- 
thesis proceeds via TPNH: or that ~P plays a role in it. 

Quantitative study of the Hill reaction—vVarious methods for measuring 
the Hill reaction have been proposed in addition to manometry, e.g., pho- 
tometry with dyes as oxidants [see French et al. (20) and Holt, Smith & 
French (19)], pH measurement with ferric compounds as oxidants [see Holt & 
French (27) and Clendenning & Gorham (22)], and redox potentiometry 
[see Spikes, Lumry, Eyring & Wyrynen (32)]. 

The quantum requirement of the Hill reaction was first measured by 
French & Rabideau (33) using ferric oxalate as oxidant. The results scattered 
from 15 to 50. More consistent results were obtained by Ehrmantraut 
(79) with quinone. When red light was used to avoid absorption by quinone, 
quantum requirements of 9.3 to 11.5 were measured with chloroplasts from 
Phytolacca americana (10+1.5 with whole Chlorella cells, cf. section on Hill 
reaction in whole cells). With Hill’s solution (ferric oxalate +ferricyanide), the 
quantum requirement of chloroplasts was 12.7; with ferricyanide alone, 11.0. 
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The maximum rate of Hill reaction in saturating light can reach [after 
Arnon & Whatley (25); Clendenning & Gorham (22); Kumm & French (21); 
Holt, Arnold & Brooks (34)] 1 M oxygen every 30 to 40 sec. per M chloro- 
phyll. (According to Willstatter & Stoll, the ‘assimilation time’’ of green 
leaves is 15 to 20 sec.) In a more precise comparison, Clendenning & Ehrman- 
traut (12) found that Chlorella cells produce, at saturation, equal volumes 
of oxygen per second in carbonate buffer and in phosphate-buffered quinone 
solution (cf. section on Hill reaction in whole cells). 

Inhibition.—Hill & Scarisbrick (10) and Aronoff (18) noted that the Hill 
reaction is unaffected by hydrocyanic acid; Ehrmantraut & Rabinowitch 
(79) found the same for quinone reduction by Chlorella. This supports the hy- 
pothesis [cf. for example, Weller & Franck (35)] that in photosynthesis, 
cyanide is a specific poison for the carboxylation enzyme, which is not in- 
volved in Hill reaction. 

Inhibition of the Hill reaction by azide and hydroxylamine was noted 
by French, Holt, Powell & Anson (23), Macdowall (36) and Arnon & Whatley 
(25), but not by Hill & Scarisbrick (10) and Aronoff (18). If, as conjectured 
by Gaffron (37) and Weller & Franck (35), hydroxylamine is a specific 
poison for the oxygen-liberating enzyme, it should inhibit also the Hill 
reaction. The Hill reaction is highly sensitive to o-phenanthroline [see War- 
burg & Liittgens (17); Aronoff (18); Arnon & Whatley (25); Macdowall 
(36)] and to dinitrophenol [see Macdowall (36)] but insensitive to carbon 
monoxide [Warburg & Liittgens (17)]. It is inhibited by narcotics (such as 
phenylurethane) and by Cu** and Hg** ions. Holt, Brooks & Arnold (34) 
found practically identical inhibition by ultraviolet light (253.7 my) of 
photosynthesis and of the Hill reaction in Chlorella cells and chloroplasts in 
weak and strong light. Equal inhibition at all light intensities appears, at 
first sight, not particularly noteworthy; but if photosynthesis (and the Hill 
reaction) is a photochemical process combined with kinetically independent 
enzymatic reactions, the identity of inhibitory effects, whether of ultraviolet 
light, of poisons such as hydroxylamine, or of physiological factors such as 
age, in weak light (where the rate is limited by number of photochemically 
active chlorophyll molecules) and in strong light (where it is limited by the 
number of catalytically active enzyme molecules) requires interpretation. 
This identity indicates preferential or exclusive co-operation of each molecule 
of a rate-limiting enzyme with a given molecule or group of molecules 
of chlorophyll; according to flashing light experiments of Emerson & Arnold 
(38), this group may contain about 10* chlorophyll molecules. Whenever a 
molecule of the enzyme is ‘“‘knocked out,” the chlorophyll molecules that 
normally supply it with substrate become useless. 

Davis (39) showed that Chlorella mutants which are capable of the Hill 
reaction, but not of photosynthesis, or incapable of both functions, despite 
a normal content of apparently unchanged chlorophyll, can be produced by 
ultraviolet irradiation. 

Hill reaction in whole cells —That ‘‘Hill reaction” (meaning now by this 
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term, water oxidation by oxidants other than carbon dioxide), can occur 
also in whole Chlorella cells was first asserted by Fan, Stauffer & Umbreit 
(40). Somewhat unexpectedly, benzaldehyde seemed to give the best results. 
Ehrmantraut & Rabinowitch (79) could find no liberation of oxygen by 
Chlorella in the presence of benzaldehyde. On the other hand, the observation 
of Warburg & Liittgens (17) that Chlorella cells liberate oxygen in light in 
the presence of o-benzoquinone is easily confirmed. Holt & French (11) 
noted O, liberation with ferricyanide and ferric oxalate, but Ehrmantraut 
& Rabinowitch (79) showed this to be due to a photoxidation of oxalate to 
carbon dioxide, followed by normal photosynthesis; oxygen evolution is, in 
this case, inhibited by cyanide. Thus, at present, the only known effective 
oxidant for Chlorella cells is quinone, an unsatisfactory situation because of 
the poisonous properties of this compound, which inhibits irreversibly both 
photosynthesis and respiration. For the quantum requirement of oxygen 
production by Chlorella in phosphate buffer with quinone as oxidant, Ehr- 
mantraut & Rabinowitch (79) found 10+1.5; the maximum rate in strong 
light is, according to Clendenning & Ehrmantraut (12) very close to that of 
the same cells in carbonate buffer, although stronger light is needed to reach 
saturation with quinone than with carbonate. 

The strong effect of quinone on chlorophyll fluorescence in vivo, described 
by Shiau & Franck (41), indicates that quinone becomes attached to chloro- 
phyll. Clendenning & Ehrmantraut (12) noted the absence in the Hill 
reaction of Chlorella with quinone of the induction losses observed in the 
first minutes of photosynthesis. According to a theory of induction, described 
in Franck’s review (7), this should mean that quinone is not displaced from 
the pigment complex by “‘narcotics” formed in the first seconds of exposure 
to light when the oxygen-liberating enzyme has not yet been fully activated. 
According to Franck, these narcotics ‘‘blanket’’ chlorophyll and keep it 
photochemically inactive until the oxygen-liberating enzyme has become 
re-activated, and normal photosynthesis can get under way. 


QUANTUM YIELD OF PHOTOSYNTHESIS 


The smallest number of quanta sufficient to reduce one molecule of 
carbon dioxide to carbohydrate level and liberate one molecule of oxygen 
from water became the subject of a controversy in 1938, when Manning, 
Daniels, et al. (42), found themselves unable to confirm the 1922 measure- 
ments of Warburg & Negelein (43). Instead of a quantum requirement of 
four, found manometrically by Warburg & Negelein with the alga, Chlorella, 
values of 12 or more have been measured by the Wisconsin investigators for 
the same organism by chemical gas analysis, oxygen determination with the 
dropping mercury electrode, and calorimetric measurement of the propor- 
tion of absorbed light energy converted into heat. Rieke (44) was able to 
duplicate Warburg & Negelein’s results, but only by adhering to their time 
schedule (10 min. light and dark periods). The puzzle appeared solved in 
1939 by an investigation of Emerson & Lewis (45). Using Warburg’s ‘“‘two 
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vessel method,” i.e., measuring pressure changes caused by identical illumi- 
nation in two manometers containing equal amounts of algae, but different 
gas volumes, Emerson & Lewis found that gas liberation by Chlorella in 
the first few minutes of illumination includes a “‘burst”’ of carbon dioxide, 
reabsorbed in a somewhat slower “gulp’”’ at the beginning of the subsequent 
dark period. The net result is to augment the difference between pressure 
changes in darkness and in light, from which the quantum yield was calcu- 
lated by Warburg & Negelein. 

However, this proved anything but the end of the argument. In 1948, 
Warburg (46) satisfied himself by a two-vessel experiment that the carbon 
dioxide ‘‘burst”’ is insignificant and found by a series of one-vessel measure- 
ments quantum requirements approaching four at low light intensities. 
Emerson & Nishimura (47) criticized these measurements, objecting in 
particular to wide differences in algal culture, light intensity, and tempera- 
ture in the experiment from which the absence of a ‘‘burst’’ was derived and 
in the quantum yield measurements proper. In 1950, Warburg, Burk, and 
co-workers (48) made new experiments in which the ratio (ACO2/AO2) was 
determined from the same two-vessel measurements as the quantum require- 
ments. The latter scattered from 2.3 to as high as 8, but the average again 
was between four and five. The conditions now prescribed for high quantum 
yields were quite different from those recommended by Warburg & Negelein. 
Cells must be grown in a strong stream of carbon dioxide-bearing air, instead 
of being allowed to settle in culture flasks, as before. Instead of very weak 
uniform illumination of the manometric vessel, an intense, narrow beam was 
now used, and the cell suspension was made so dense that all light was 
absorbed immediately upon entering the vessel. Because of shaking of the 
manometer, cells move rapidly into and out of the illuminated zone; it 
was suggested that illumination by flashes of high intensity, interrupted 
by dark periods long enough to make the average illumination quite low, 
leads to the highest efficiency of photosynthesis. 

Whittingham, Nishimura & Emerson (49) also found serious methodologi- 
cal flaws in these experiments. Unfortunately, the two-vessel method is ex- 
ceedingly sensitive to factors which are difficult to control. A very small dif- 
ference in the physiological processes in the two suspensions, which are 
assumed to be identical in the calculation, can lead to a very large error. 
Since the rate of these processes changes with time, the two vessels should 
best be illuminated and darkened simultaneously. In Warburg & Burk’s 
experiments, they were alternated in the light beam. Another source of error 
recognized by Warburg & Negelein in 1922 is the time lag of the manometer. 
Burk & Warburg believed they had eliminated it by increased rate of shak- 
ing, but according to Emerson and co-workers, this belief was not justified. 
Because of different gas volume, the lag is different in the two vessels; this 
introduces a systematic error tending to increase the calculated quantum 
vields. 

Kok (30) and van der Veen (31) asserted, on the basis of one-vessel 
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manometric measurements (with 15 to 30 min. pre-illumination) and of 
carbon dioxide determination by the heat conductance method, respectively, 
that the quantum yield of photosynthesis is up to two times higher in very 
low light (at or below the compensation point), than at even slightly higher 
light intensities. According to Kok, the quantum requirement is approxi- 
mately seven above this discontinuity and 3.5 below it.® 

These observations favor the hypothesis suggested before for other rea- 
sons, but revived by Franck (50) specifically to reconcile the quantum yield 
data that below the compensation point, ‘‘photosynthesis’’ may mean 
partly or wholly a reversal of respiration, requiring fewer hydrogen atoms, 
and thus also fewer quanta, than the reduction of carbon dioxide. Such a 
process would not change the ratio (ACO:/AO.), since its result would 
be merely to undo a certain fraction of respiration. Independent evidence 
for a half-way “‘bridge’’ between the paths of photosynthesis and respiration 
can be derived from the observation of Warburg (51) and of some, but 
not all, others who have studied the effect of cyanide on photosynthesis. 
They found inhibition down to the compensation level, but not below it; 
this becomes understandable if one assumes that respiration products can 
be reduced in light without passing through the stage of free carbon dioxide, 
thus avoiding the cyanide-sensitive carboxylation step in photosynthesis. 
Certain C'4-experiments by Benson & Calvin (1) and co-workers also indi- 
cate that ‘‘half-oxidized’’ compounds—most conspicuously, malic acid— 
might serve as intermediates in both respiration and photosynthesis. 

Franck’s suggestion was not accepted by Warburg, particularly since 
Warburg, Burk, Schocken, Korzenovsky & Hendricks (52) found that the 
rate of oxygen consumption is the same in darkness and in light, if carbon 
dioxide is absorbed by alkali in the sidearm of the manometer. (This experi- 
ment was often performed before, but without conclusive results; it was 
considered impossible to prevent the re-utilization of some respiratory 
carbon dioxide for photosynthesis, since this can take place even before the 
carbon dioxide leaves the cell; Warburg et al. attributed their clear-cut 
result to stronger stirring provided in their experiments.) Furthermore, in 
contrast to Kok, Warburg & Burk found high quantum yields also by meas- 
uring the slope of the yield vs. light intensity curve far above the compensa- 
tion point. In these experiments, illumination by over-compensating, non- 
measured, white light was used (instead of darkness) as background for quan- 
tum yield measurements in added, measured red light. However, the back- 
ground light usually fell upon the vessel from above, while the measured 
light entered it from below, so that different algae were illuminated by the 
two light sources at any given time. In the one published experiment where 
both light sources were below the vessel the required strict comparability 
of physiological processes is doubtful because of differences in the illumina- 
tion schedule of the two vessels. 


6 According to Franck (50), Kok’s energy calculations are in need of a correction 
which is likely to bring the two figures to about eight and four, respectively. 
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No inclination to accept Franck’s hypothesis was shown also by Emer- 
son, who had never observed a sharp bend in the light curve of photosyn- 
thesis, but had found it to approach at low light intensity a limiting straight 
line from the slope of which a quantum efficiency of 8 to 10 was calculated. 
Methods other than manometry have never yet given quantum requirements 
lower than eight; this includes, among others, polarimetric determinations 
of Petering, Duggar & Daniels and Moore & Duggar (42) and calorimetric 
measurements of Arnold [1938 experiments, published in 1949 (53)], of 
Magee, DeWitt, Smith & Daniels (42) and of Tonnelat (54). However, 
none of these methods can as yet equal the manometric method in range 
and precision.’ It is agreed that in alkaline buffers (where oxygen exchange 
alone affects the pressure), no quantum requirements lower than 10 can be 
obtained; the contrary results of Eichhoff (57) are discounted by Warburg 
as well as by Emerson. 

As mentioned in the section on Hill reaction in whole cells, values of 
10+1.5 have been found for the quantum requirement of the Hill reaction 
in Chlorella cells and in isolated chloroplasts in acid phosphate media; car- 
bon dioxide causes no trouble in this case, since respiration is inhibited by 
quinone. It can be argued that, because of this poisoning, the efficiency of 
quinone reduction cannot be considered a significant measure of the photo- 
chemical capabilities of healthy cells. However, it would be a remarkable 
coincidence if quinone poisoning impaired photochemical efficiency to exactly 
the same extent as an alkaline reaction of the medium. 

This is where the quantum yield controversy stands as this article is 
written. The reviewer's feeling, subject to correction by new experimental 
results, is that if one defines ‘‘quantum requirement of photosynthesis’’ as 
the number of quanta needed for net production of carbohydrate and libera- 
tion of oxygen in the steady state—and this seems to be a legitimate defini- 
tion—the weight of experimental evidence so far is in favor of a figure of 
10+2. On the other hand, there seems to be a distinct possibility that 
under special conditions (rapid alternation of darkness and light, or weaker 
and stronger light), liberation (or decreased consumption) of oxygen, con- 
sumption (or reduced liberation) of carbon dioxide, or both can occur for a 
few minutes with a considerably lower quantum requirement. Precise study 
of the oxygen and carbon dioxide exchange in the first seconds and minutes 
of illumination and darkness appears desirable to clarify the phenomena 
that take place under these unsteady conditions. Apparently, the different 
partial processes of photosynthesis get under way or die down with dif- 


ferent lags, depending in a different way on the metabolic history of the 
cell.® 





7 A useful contribution to the technique of quantum yield measurements was made 
by Warburg & Schocken (55) who developed, from earlier studies by Gaffron (56), a 
manometric actinometer in which the oxygen uptake by thiourea in pyridine solution 
is sensitized by ethyl chlorophyllide or protoporphyrin. Within a certain range of con- 
centrations and light intensities, this reaction occurs with a quantum yield close to 1.0. 
®’ Warburg & Burk (57a) recently described some striking results obtained 
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The interplay of respiration and photosynthesis, and the possibility of 
reducing the former by a part-way photochemical reversal, with a quantum 
requirement smaller than that of complete photosynthesis also awaits 
clarification. 

ROLE OF PIGMENTS 


All photosynthesizing organisms investigated so far have been found to 
contain the blue-green chlorophyll a; green plants and algae also contain 
the yellow-green chlorophyll 6, with a methoxyl group instead of a methyl 
group in one corner of the dihydroporphin ring (four pyrrole groups, one 
of them hydrogenated, linked in a ring by CH-bridges). Brown and red 
algae contain, instead of chlorophyll b, chlorophyll ¢ (chlorofucin) and 
chlorophyll d, respectively [Strain & Manning (58)]. The structure of these 
pigments is unknown; Granick (59) considers chlorophyll c to be a derivative 
of porphin rather than dihydroporphin. Thus, it may be related to ‘‘proto- 
chlorophyll,” the chlorophyll precursor in green plants [Smith (60) and 
co-workers], more closely than to chlorophyll. The green pigment of photo- 
synthesizing bacteria, bacteriochlorophyll, is derived from tetrahydropor- 
phin, i.e., contains two hydrogenated pyrrole nuclei [Fischer et al. (61)]. 

Beside chlorophyll, all photosynthesizing plants and bacteria carry 
several yellow or red carotenoids, located in the same cell bodies (chloro- 
plasts) as the chlorophylls and apparently associated with the latter in a 
complex (“‘chloroplastin”), containing about 60 per cent proteidic and 40 
per cent lipoidic material. This association shifts the bands of the pigments 
towards longer waves and broadens them. In brown algae, the complexing 
of the main carotenol (fucoxanthol) causes its blue-violet band to extend 
into blue and green, obliterating the green color of chlorophyll. This more 
than compensates for the absorption ‘‘hole’’ in the blue-green which would 
otherwise result from the absence of chlorophyll b. 

The red algae achieve a similar compensation, and also the elimination 
of the absorption hole which most other plants have in the yellow-green, 
by means of a red pigment, phycoerythrin. The exact structure of the latter 
is unknown, but according to Lemberg (62), it contains an open system of 
four pyrrol rings connected by CH-bridges. Phycoerythrin, attached to a 
soluble protein, can be extracted by water, leaving behind the other pigments. 

Several blue pigments, known as phycocyanins, also are found in red 
algae; their relation to phycoerythrin, like that of chlorophyll 6 to chloro- 





by alternation of 1 min. periods of darkness (or unmeasured background illumination) 
with equal periods of measured illumination, which they interpreted as indicating the 
liberation of oxygen and consumption of carbon dioxide in light with a quantum re- 
quirement of about one, this high yield being made thermodynamically possible by 
strongly enhanced respiration in light, discoverable because of its persistence during 
the 1 min. dark period. These observations pertain to the problem of the mechanism 
of light utilization (cf. the “energy dismutation” concept in the section on Different 
Hill oxidants) rather than to that of the true quantum yield of photosynthesis. 
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phyll a or of carotenols to carotene, seems to be that of oxidation products. 
The same two “phycobilins’’ are found in blue-green algae, with phyco- 
cyanin predominating. These primitive organisms lack chloroplasts, and 
their pigments are distributed throughout the protoplasm. 

In 1882 to 1884, Engelmann concluded, from a microscopic study in 
colored light, using motile bacteria as oxygen indicators, that the fucoxan- 
thol of brown algae and the phycobilins of red and blue-green algae are 
as effective as the green chlorophyll in sensitizing photosynthesis. His 
results were almost forgotten; since Willstatter & Stoll’s classic studies on 
chlorophyll (1913) and on photosynthesis (1918), plant physiologists became 
accustomed to think of chlorophyll as the only ‘‘photosynthetic pigment,” 
although Warburg & Negelein (43) found that, if the quantum yield in 
the blue-violet region is not to exceed that in the red, quanta taken up by 
the carotenoids cannot be considered as wasted; Montfort (63) noted that 
the photosynthesis of brown algae in blue-green light is so strong as to 
suggest a high efficiency of fucoxanthol. 

Recently, the ‘‘action spectrum’ of photosynthesis has been studied 
with a variety of plants. This study encounters several difficulties. For exact 
comparison, the rates of absorption must be equal in different spectral 
regions; but because of scattering, precise absorption measurements are 
difficult even with cell suspensions, not to speak of leaves. Furthermore, 
comparison must be made in weak light, since identical ‘‘saturation rates”’ 
are likely to be approached in strong light of all colors. 

After the action spectrum has been determined, the absorbed quanta 
must be allocated to the several pigments. In a homogeneous solution, the 
share of each pigment is proportional to its coefficient of absorption. In 
living cells, the pigments may be located in separate layers or grains, and 
their individual absorption coefficients can only be measured after extraction, 
which shifts and deforms the absorption bands. Consequently, allocation 
cannot be made without arbitrary assumptions, such as uniform mixing and 
uniform shift of each absorption band without deformation. The amount 
of the shift can often (but not always) be derived from observation of the 
absorption peaks. It was assumed by some to be the same for all pigments, 
which is quite wrong. It is somewhat less objectionable to assume equal 
shift (on the frequency scale!) for all bands of each pigment; still safer is 
to make a separate estimate for each band. ‘ 

For Chlorella, Emerson & Lewis (64) found a constant quantum yield 
between 580 and 685 mu. A slight dip, noted at 660 my, may correspond 
to the long-wave edge of the chlorophyll b band and be analogous to the 
strong decline observed beyond the long-wave edge of the chlorophyll a 
band, >685 mu. This phenomenon awaits theoretical explanation; offhand, 
one would expect the yield to remain constant within an electronic band. 

The quantum yield declines between 580 my and 490 my and then 
recovers again. This can be considered as evidence that carotenoids, whose 
absorption peaks in vivo lie at 470 and 490 my, are inefficient. However, 
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the shallowness of the minimum indicates that the carotenoids are not 
entirely ineffective, but they merely sensitize photosynthesis with a lower 
yield, perhaps one half that of chlorophyll. 

Dutton & Manning (65) concluded from relative yield determinations 
in several mercury lines and in filtered red light that in the diatom, Nitsschia 
closterium, the efficiency of fucoxanthol equals that of chlorophyll, while 
other carotenoids are a little less effective and lower slightly the yield at 
496 mu. They assumed uniform shift of all bands and did not know of the 
existence of chlorophyll c. Tanada (66) made a more precise study with 
another diatom, Navicula minima, using a monochromator, determining 
absolute yields, and estimating individual band shifts. He confirmed the 
conclusions of Dutton & Manning and concluded that chlorophyll c, too, 
is an effective sensitizer. With the blue-green algae, Chroococcus, Emerson & 
Lewis (67) found constant quantum yield from 690 to 570 my, even though 
from 650 my down, over one-half of total absorption had to be allocated to 
phycocyanin. The dip at 420 to 550 my was deeper than in Chlorella, indi- 
cating that the carotenoids of red algae are less efficient than those of 
green algae, not to speak of the fucoxanthol in brown algae. 

Haxo & Blinks (68) determined spectral yield curves of several red algae 
polarographically and found peaks corresponding to the absorption bands 
of phycoerythrin (500 and 565 my) and phycocyanin (620 my), but a de- 
clining yield above 620 my, as if the chlorophylls were much less effective 
than the phycobilins. In a blue-green alga, too, a yield deficiency was noted 
in the red, while brown and green algae showed no similar abnormality. 

With Engelmann’s view that all pigments in plastides (or in the chromato- 
plasm of blue-green algae) contribute to photosynthesis on equal or almost 
equal terms thus vindicated, the mechanism of their participation offers an 
interesting problem. Since chlorophyll appears to be present in all photo- 
synthesizing cells, it has been suggested that other pigments are “‘auxiliary”’ 
and transfer the quanta absorbed by them to chlorophyll, which alone acts 
as a “photocatalyst,” (i.e., activated by light or by energy transfer from 
another pigment, it becomes capable of taking hydrogen away from a donor 
of low potential, such as water, and transfers it to an acceptor of high 
potential, such as carbon dioxide or RCOOH). 

The assumption that chlorophyll serves as a hydrogen-transferring photo- 
catalyst would be supported by demonstration of its reversible oxidation 
or reduction. Reversible oxidation of chlorophyll by ferric salts enhanced 
by light was surmised by Rabinowitch & Weiss (69) from spectroscopic 
evidence.’ Krasnovsky and co-workers (70) renewed the claim of Timiriazev 


° Ashkinasi, Glikman & Dain (69a) criticized this interpretation because they 
noted qualitatively similar decoloration and recoloration effects also with nonoxidizing 
ions. This had been observed also by Rabinowitch & Weiss; nevertheless, they con- 
sidered oxidation-reduction as the most likely (but by no means certain) interpretation 
of the reaction with Fe*+ for quantitative reasons and because of the reversible 
effect of light on the equilibrium [cf. Rabinowitch (8, p. 464, 488). 
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(1903) that chlorophyll can be reversibly reduced. Timiriazev’s conclusion 
was Criticized by Rothemund et al. (71), who found that the restored prod- 
uct, although green, is not the original pigment. 

According to Krasnovsky and co-workers (70), reversible reduction of 
chlorophyll by ascorbic acid can be achieved photochemically in the presence 
of pyridine or another base, which, he surmised, stabilizes the ‘‘semiquinone”’ 
of the pigment. This reduction can be utilized to transfer hydrogen from 
ascorbic acid to acceptors of higher potential—riboflavin, safranin T, and 
even to diphosphopyridine nucleotide, codehydrogenase I. The latter 
observation, if confirmed, could become the first step towards imitation of 
the Hill reaction outside the chloroplast with ascorbic acid as ‘‘substitute 
reductant.” 

The postulated transfer of excitation from auxiliary pigments to chloro- 
phyll is a special case of energy migration in condensed systems. This 
problem, long neglected compared to the analogous problem of electron 
migration, has received some attention in the last few years. Energy migra- 
tion requires resonance coupling between identical or different molecules. 
If coupling is strong, it will transform a large number of molecules into a 
single absorption unit; the energy will not stay with any single molecule 
long enough to excite molecular vibrations, as envisaged in the Franck- 
Condon model. This ‘‘ccommunal excitation,’’ reminiscent of the sharing of 
electrons in a metal, was first discussed by Frenkel under the name of 
“‘exciton exchange.’’ Subsequently, this term was applied also to the case 
of weaker coupling and slower exchange in which excitation stays with each 
molecule long enough for the latter to lose or acquire vibrational quanta. 
This ‘‘Brownian motion” of excitons leaves the absorption band, the shape 
of which is determined by interaction of electronic excitation with molecular 
vibrations, essentially unaffected, while in Frenkel’s model, the absorption 
spectrum of the coupled system is quite different from that of single mole- 
cules. The Brownian or “‘slow’’ type of migration has been discussed by 
Vavilov and co-workers (72) and Forster (73). Arnold & Oppenheimer (24) 
made calculations especially for the energy transfer from phycocyanin to 
chlorophyll. 

Theory predicts that the probability of ‘‘slow”’ resonance transfer of 
energy is determined by the product of the intensities of the overlapping 
parts of the fluorescence band of the donor and the absorption band of the 
acceptor. According to Férster, this should permit as many as 10‘ transfers 
during the excitation period of chlorophyll in a chloroplast, where its con- 
centration is ~0.1 M. Similarly, Arnold & Oppenheimer calculated a high 
probability of exciton transfer from phycocyanin to chlorophyll over the 
average distance separating these pigments in blue-green algae. 

Férster thought that his calculation supported the concept of the 
‘photosynthetic unit” suggested by Gaffron & Wohl (74) to reconcile Emer- 
son & Arnold’s finding (75) that a single light flash can yield, at best, only 
one molecule of oxygen per 2,000 molecules of chlorophyll, with the observa- 
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tions (cf. QUANTUM YIELD OF PHOTOSYNTHESIS) indicating that in weak 
light, quanta absorbed by all chlorophyll molecules can be used for photo- 
synthesis. The suggested explanation was that 2,000 chlorophyll molecules 
form a ‘‘unit’”’ containing a single ‘‘reduction center’’; because of energy 
migration, quanta absorbed anywhere in the unit can be utilized in the 
single reduction center, provided the illumination is weak enough for the 
photochemical transformation in the reduction center to keep pace with 
the supply of quanta. In a strong flash, on the other hand, only one substrate 
molecule can be transformed in each reduction center. Férster considered his 
calculations as proving that the unit is physically feasible. However, he 
did not consider that the low yield of chlorophyll fluorescence (approxi- 
mately 0.1 per cent) shows the natural life time of excited chlorophyll 
(approximately 8X10-* sec.) to be reduced in vivo, to about 8X10-" sec., 
allowing not more than 10 exciton transfers. If low fluorescence is due to 
excited chlorophyll passing into a metastable state, excitation will be pro- 
longed, but the frequency of transfers will be decreased even more strongly. 
(Exchange frequency depends on the product of the probabilities of electron 
transfers from ground state to the excited state in the donor and in the 
acceptor, while the natural life time of the excited state depends on the,first 
factor only.) Thus, theory provides no support for the ‘‘photosynthetic 
unit’; it indicates, however, that energy transfer from a phycobilin or a 
carotenoid to chlorophyll and the diffusion of an exciton over several 
molecular layers of chlorophyll are feasible. (The latter may be important, 
for example, in bringing the exciton to the surface of a chlorophyll granum.) 

The kinetic data that lead to the concept of the unit can be explained 
by the assumption of a rate-limiting enzyme present in a concentration 
approximately 0.1 per cent of that of chlorophyll. In the section on Inhibi- 
tion, it was suggested, in further elaboration of this hypothesis, that each 
molecule of this limiting enzyme may be servicing a specific group of about 
10° chlorophyll molecules. This may mean structural separation of the 
photosynthetic mechanism into independently operating ‘‘islands’’ of this 
size (‘‘photosynthetic units,’’ but without any implication of exciton ex- 
change) or merely the existence of an ‘“‘action radius”’ of the rate-limiting 
enzyme, permitting each of its molecules to reach about 10* chlorophyll 
molecules nearest to it soon enough after the absorption of a photon to 
prevent the recombination of the primary photochemical products. In the 
first case, inactivation of an enzyme molecule means elimination of the 
whole “‘island’’ as a contributor to photosynthesis; in the second case, it 
means that chlorophyll molecules within the action sphere of the inhibited 
enzyme molecule will have to depend on the relatively improbable presence 
of other enzyme molecules in sufficient proximity to take care of their 
primary photochemical products. 

Experimental evidence of energy transfer is found in the observation 
of Dutton, Manning & Duggar (76) that chlorophyll fluorescence in diatoms 
can be excited by light absorbed by fucoxanthol. Observations of Wassink, 
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Katz & Dorrestein (77) on Chlorella, and of Van Norman, French & Mac- 
dowall (78) on red algae, although less clear-cut, also indicate the sensitiza- 
tion of chlorophyll fluorescence by auxiliary pigments. In accordance with 
the position of the absorption and fluorescence bands, energy transfer seems 
to occur from phycoerythrin to chlorophyll, but not in the reverse direction. 

Much clearer results were obtained by French & Koski (83) and par- 
ticularly by Duysens (84). The latter showed by observation of fluorescence 
excited by monochromatic light that excitation energy travels (in green 
plants, red algae, and purple bacteria) from all or most other pigments to 
the one with the lowest excitation level (e.g., in green algae, the energy is 
transferred from chlorophyll-b to chlorophyll-a and from carotenoids to 
chlorophyll; in red algae, from carotenoids to phycobilins, from phycoeryth- 
rin to phycocyanin, from these two pigments to chlorophyll-a, and from 
chlorophyll-a to chlorophyll-d; and in purple bacteria, from some of the 
carotenoids and from two forms of bacteriochlorophyll to the third form of 
bacteriochlorophyll whose absorption band is located farthest in the infra- 
red). In red algae, a large fraction of energy absorbed by chlorophyll-a 
“leaks” from it into chlorophyll-d (even if the latter is present in a very small 
concentration). If one assumes that transfer of energy to chlorophyll-d makes 
it ineffective for photosynthesis (perhaps because of the small size of the 
remaining quanta, perhaps because of a saturation effect produced by the 
many quanta taken up by the few available chlorophyll-d molecules), one 
obtains a plausible solution for the otherwise puzzling results of Blinks & 
Haxo. For some as yet unexplained reason, however, the quanta absorbed by 
phycobilins do not move beyond chlorophyll-a and, thus, are preserved for 
photosynthesis. 

French & Koski (83) noted that initial variations in the intensity of 
fluorescence, correlated with the induction phenomena of photosynthesis, 
occur only in chlorophyll-a, but not in phycobilin. This supports the con- 
clusion, also indicated by Duysens’ experiments, that chlorophyll-a is the 
only pigment which takes direct part in photosynthesis, while all other 
chloroplast pigments (including perhaps even chlorophyll-b) serve only as 
additional photon suppliers for chlorophyll-a. 
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The inadequacy from a theoretical point of view of the ideal entropy of 
mixing relationship 


ASiideat) = — R(my In Ny + m2 In Nz) I 


for binary mixtures of molecules differing considerably in size was empha- 
sized in the work of Hiickel (1), Fowler & Rushbrooke (2), and Guggen- 
heim (3) some 15 years ago. Here m, and m2 are the numbers of the two 
kinds of molecules in the mixture, N; and Nz are their mole fractions, and 
k is Boltzmann's constant. Proceeding from experimental results, Meyer 
and co-workers (4) showed that the partial molal entropies of dilution 
AS, for solutions of long chain compounds in a simple solvent such as 
carbon tetrachloride are substantially greater than the value —Rinn, 
derived from equation I, except at very low concentrations, of course. 
Meyer suggested that the marked enhancement in the entropy of mixing 
of long chain polymer molecules (subscript 2) with monomeric diluents 
(subscript 1), as compared with the ideal entropy, is a consequence of the 
numerous configurations which the polymer molecule may assume (5). 
This circumstance is well illustrated by considering a long chain polymer 
consisting of a linear sequence of structural elements (commonly referred to 
as segments) the spatial requirements for each of which are identical with 
those for a solvent molecule. A quasi-crystalline lattice may then be em- 
ployed to describe local arrangements in the liquid mixture—a model 
equivalent to that employed in the derivation of the mixing law for inter- 
changeable molecules of equal size. Each cell of the lattice may be occupied 
by a chain element or by a solvent molecule. 

Prevailing theories of solutions of polymers are based on this highly 
idealized lattice model for the liquid mixture. Main emphasis over the past 
few vears has been on mathematical treatment of the model with an accuracy 
which, as now appears quite clear, is well beyond the faithfulness of the 
model itself. We shall return to a brief consideration of its limitations after 
surveying the lattice model theories, the results of which are at least approxi- 
mately valid. 


THEORETICAL TREATMENT OF THE LATTICE MODEL 


The method (6) which is perhaps the simplest begins with derivation of 
an expression for the number of ways yj; in which polymer molecule i+1, 


' The survey of the literature pertaining to this review was concluded in January, 
1951. 
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comprised of x elements (or segments), may be added to the lattice consisting 
of mo cells to which 7 identical polymer molecules have been added pre- 
viously. To compute vi41, the number 2 o— xi of sites available to one of the 
chain elements (conveniently taken as a terminal element) must be multi- 
plied by the expected number of vacant sites among the first neighbors of 
the chosen site and by the expected number of vacant first neighbors to one 
of these, etc., for enough consecutively adjacent sites to accommodate the 
sequence of x elements. If the co-ordination number of the lattice is s, 
element number (r+1) of the chain may occupy any of z—1 cells sur- 
rounding element r which happen to be vacant, the one occupied by the 
element r—1 being excluded. If the expectancy that any one of these first 
neighbor cells is occupied is f;, the expected number of opportunities for 
each successive element of the chain is (s—1) (1—f;). Hence, 


visa = (M9 — xi)(2 — 1)7-(1 — fy)? II 


and the total number of configurations for the lattice containing m2 polymer 
molecules and m, =”)—xnz2 solvent molecules is 


ne 


2 = (1/m!) TT vi. Ilr 
tml 
In the approximation employed originally by one of the present authors 
(6), f; was equated to the expectancy that any cell selected at random is 
occupied. Accordingly, 


1 — f; = (mo — xi)/no. IV 


However, the set of cells under consideration for occupation by element 
(r+1) of molecule (i+1) are not average cells, inasmuch as the one reserved 
for element r is known to be unoccupied by an element of any other polymer 
molecule (1 to 7) previously added to the lattice. In the more accurate 
approximation introduced by Huggins (7), f is taken as the probability that 
a polymer element occupies a cell adjacent to one known to be vacant.® 
Instead of equation IV, 


1— fi = (mo —- xi)/|no — 2(x- 1)i/z]. Vv 

On substituting equation IV in III and introducing Stirling’s approxi- 

mations and the Boltzmann relation S=&lnQ in the usual manner, there 

is obtained for the entropy associated with available configurations in the 
lattice 

Se = — k{mlne: + mln(v2/x) — (x — 1)mln[(z — 1)/e]} VI 


where » and v are the volume fractions of the solvent and polymer, re- 


2 There are =z eligible cells (if vacant) for the second element of the chain, but the 
difference between z and z—1 in one of the factors entering »; 4: is inconsequential. 

* The f; used here should not be confused with the f; used by Huggins (7). Our 
(1—f;) corresponds to his »;;/(z—1). 
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spectively. The entropy of the disordered (amorphous) polymer containing 
no solvent, obtained by setting v;=0 and v.=1, is 


AS disorientation) = kn2{Inx + (x — 1)In[(z — 1)/e]}. Vil 


The entropy of mixing the disoriented polymer with solvent is obtained by 
subtracting equation VII from equation VI, giving 


AS* = Se — AS disorientation, = — k[milnv, + nalnz2] vem 


which differs from the ideal entropy of mixing only in the replacement of 
mole fractions by volume fractions. As a matter of fact, equation I appears 
to be a special case of equation VIII in which the molar volumes of the 
components are equal, permitting replacement of mole fractions by volume 
fractions. Generalization to include heterogeneous polymers consisting of 
molecules of varying chain length (8) yields 


AS* = — k[mino; + p hy njlng;] x 


where the primed summation is over polymer species only. Of course, the 
term for the solvent component could be included with the summation 
to yield a more compact expression, but the above form is preferred if the 
polymer molecules are homologues of the same chemical type in which case 
the heat of mixing depends solely on the volume fraction of total polymer 
V2 =2'0;. 

Huggins (7), using equation V instead of equation IV, obtained for the 
entropy of mixing a single polymer component with solvent 


AS* = — k[mlnx, + nelnm] + k(m2/2)In[1 — 2x.(1 — 1/x)/z] 
+ kxng[z/2 — (1 — 1/x)]In{1 + a(1 — 1/x)/[2/2 — (1 — 1/x)]}. 


The entropy of mixing in this better approximation contains, in addition 
to the principal terms given in equation VIII, complicated correction terms 
of minor importance. Careful inspection of the theory shows that z as it 
occurs in equation X depends only on the nature of the quasi-crystalline 
lattice used to describe the liquid mixture. It does not depend on chain 
flexibility; the same factor would enter for relatively rigid chain molecules. 
This is readily evident from the fact that the refinement involved in choosing 
equation V instead of equation IV does not depend on the flexibility of the 
chain molecule. On the other hand, the co-ordination number occurring 
in equation VII for the entropy of disorientation must, of course, depend 
primarily on the flexibility of the chain. Huggins (7) has shown further 
that the effect of exclusion of a given chain element by one of those pre- 
ceding it in the same chain is of minor consequence and, in any case, may 
be dealt with to a sufficient approximation merely by reducing slightly the 
value assigned to z.4 

Miller (9) and Orr (10), using the Bethe approximation method for 
arriving at grand partition functions for mixtures, obtained results which 


Xx 


* We avoid here the introduction of Huggins’ 2’ which, neglecting the small effect 
of exclusion by an element of the same molecule, is given by 2x/(x— 1). 
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are identical with equation X when translated to the same notation. Gug- 
genheim (11), using the essentially equivalent quasi-chemical equilibrium 
method, derived a more general formula for the number of possible arrange- 
ments Q(m, nz...) of a mixture of chain molecules of any size distribution 
on a lattice; all molecules are presumed to be composed of identical elements, 
each occupying one lattice cell. The entropy of mixing the various disoriented 
species, including solvent, obtained from Guggenheim’s result may be 
written 
AS* = Aln[Q(m,, my+ ++ )/Q(ny)Q(n2) + + + | 

- k(z/2)\n [11 (gin;)!/(>_ qin;)!] + k(z/2 — 1)In{O1(x;n;)'/(. xjnj)!| | XI 


where Q(7;), Q(n2), etc., are numbers of configurations for each of the pure 
components; zg; represents the total number of sites which are first neigh- 
bors to a chain molecule of type 7, excluding every neighboring site occupied 
by consecutive elements of the chain: 


2qj = (2 — 2)x; + 2. XII 


Introducing Stirling’s approximations for the factorials in equation XI 
and replacing (2/2—1)x; with qgjz/2—1, this equation reduces to the neat 
form 


AS* = — kD. njlno; + (kz/2) >> [qinln(x;>_ qin;/qi 2. xjn;) |. XIII 


Separating the term for the solvent (designated by the subscript ‘‘1”) from 
those for the polymer species and substituting from equation XII for q; 


AS* = — k[mlnv + > ‘nlnz; | + k(m2/2)In[1 — 2x(1 — 1, ¥n)/s] 


ait sik (= 1/r) =a = WHIT. ry 
+k> } {2/2 - (1 = 1/x)h min [1+ ar. Gc el | XIV 
where v2 is the combined volume fraction of polymer, and %,=2Z’xjn;/Z’n; 
is the number average value of x for the polymer species. Equations XIII 
and XIV correspond to equation IX with the addition of correction terms 
arising from the nonrandom occupation of sites adjacent to those of known 
status; these enter the equations as an inequality between g and x. For 
the case in which the polymer consists of a single species (x; = Z, =x, n, = M2, 
and v;=v) equation XIV reduces identically to the Huggins equation X. 
Hence, Guggenheim’s entropy of mixing for any array of components repre- 
sents a generalization of Huggins’ result. The identity of what we have 
called the correction terms derived (a) from consideration of the nonrandom 
occupation of sites adjacent to one known to be vacant [Huggins (7)], (5) 
from the partition functions for groups of sites about an occupied and about 
an unoccupied site (Bethe method), and (c) from the quasi-chemical com- 
putation of neighbor contacts is not surprising for all three methods should 
be equivalent. 

An expression similar to equation XIV has been derived by Scott & 
Magat (12) through an extension of Huggins’ procedure. They introduced 
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approximations which correspond to the omission of the terms in 1/x; and 
1/Z, in equation XIV. 

Miinster (13) has published a series of papers describing a somewhat 
different treatment of polymer solutions. He retains the classical entropy 
of mixing formula through replacement of number 2, of solvent molecules 
by the number A, of ‘‘virtual molecules.’’ Then 


AS* = kin[(Ay + n2)!/Ay!no! | 


which reduces to equation I for A,=m. The correct definition of A, requires 
consideration of a symmetry factor which enters in a way not altogether 
obvious without comparing the result with that of other theories.® Further- 
more, Miinster’s method is restricted to dilute solutions, where serious 
objections apply to all of the above theories (cf. seq.). 

Staverman (15) has recently attempted to improve the results of the 
lattice model by taking into account the fact that a molecule can coil back 
on itself. If each element has an average of p nearest neighbor sites occupied 
by nonadjacent elements of the same chain, the factor zg; to be used in 
Guggenheim’s treatment will be reduced from the value given by equation 
XII to 

oqj = x(s — 2 — p) +2. XI’ 


This equation predicts an entropy which depends on the flexibility of the 
chain; however, a calculation of p from intrinsic viscosity data shows that 
the correction to the entropy of dilution introduced through the use of 
equation XII’ in place of XII is extremely small. 

If the heat of mixing is not zero, all configurations of the mixture will 
not be equally probable, as has been assumed throughout the previous 
discussion. Assuming that first neighbor interactions only are significant, 
the energy of formation W of a given configuration for a binary mixture 
will be proportional to the number 2X of pairs of adjacent lattice cells one 
of which is occupied by solvent and the other by a polymer element. Thus, 

W = sXw XV 
where w= W;2— Wy /2 —We/2, the w’s with subscripts representing interaction 
energies between pairs as indicated. In writing down the partition function 
for the system, it is convenient to group together those configurations for 
which X, and hence W, is the same. Thus, following Guggenheim (16), we 
write for the free energy of mixing the two components 


AF = —kT{in>> [Q0n, m, Xe" |] — InQ(m) — Ina(n.) | XVI 
- 
where Q(m,m2, X) represents the number of possible configurational ar- 


rangements for the mixture such that there are 2X first neighbor 1,2 pairs 
and the summation is over all values of X¥. Now Q(, m2, X) may be written 


° For a critical correlation of Miinster’s method with that of Guggenheim, see 
reference (14). 
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as the product of Q(m,2), the total number of configurations previously 
employed for the athermal case, and a factor, which we designate as ®(m, 


M2, X), expressing the fraction of these for which the number of 1,2 contacts 
is 2X. Thus, 


2X(m, Mm, X) = Q(m, m2) P(m, N2, X). XVII 


Substituting in XVI and replacing the summation by its maximum term 


for which X =X, there is obtained 


AF = — TAS* — kT In ¥(m, m, X)e*Xeler XVII 


where AS* represents the athermal entropy of mixing given above. Guggen- 
heim (16) has given an expression for ®(m, m2, X) which fulfills the condition 
of quasi-chemical equilibrium, namely, that the value of X which maximizes 
P(m, m2, X)e**”!/*T is given by the equilibrium type expression 

X*/(qum — X) (gam, — X) = em! XIx 


Omitting details, substitution of X in Guggenheim’s expression for the 
function ® leads eventually to 


—1+26 1—20 
AF = —TaS*+(kT=/2)(qm-+gam) } on ott +(1—6)In | XX 


6(8+1) (1—86)(B+1) 
where 
8 = qim/(qim + gone) XXI 
8 = [(1 — 26)? + 40(1 — A)e2™/*T ]), XXII 


The expression corresponding to the above for the case in which component 
1 is a monomeric solvent (x;=q,=1 and x,=x) was first obtained by Orr 
(17) using the Bethe approximation method. 

If w, the net interaction per contact pair, is substantially less than kT, 
as will be true in practically every case of interest, 8 may be expanded in 
powers of w/kT giving 

B= 1+ 40(1 — 0)w/kT XXIII 


neglecting higher powers. Substituting this in equation XX and expanding 
the logarithms 


AF = — TAS* + [qumgene/(qimi+qenz) |zw XXIV 
Orr (17) has shown that further terms in the series expansion alter the 
thermodynamic functions less than the minimum disparity between experi- 
ment and theory which can be expected at present. Hence, we shall disregard 
higher approximations hereinafter. The second term in equation XXIV 
expresses the product of the w and the total number of 1,2 contacts for a 
random mixture, i.e., it would appear to represent the heat of mixing for 
a random mixture. Thus, equation XXIV is equivalent to the “regular 
solution’ approximation for mixtures of molecules of equal size, both the 
entropy and heat terms appearing as those for the random mixture. 
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Guggenheim (18) has pointed out recently that w should have been 
defined as the standard state free energy for a 1,2 pair. This observation 
may well be more significant than all of the mathematical refinements of 
the lattice model. Whereas the form of the free energy is not affected by 
this revised definition of w, the entropy and heat of mixing should be written 


AS = —@AF/dT = AS* — [qumgqene/(qim + gene) |z(dw/dT) XXV 
and 

AH = —T?*0(AF/T)/dT = \qungene/ (qui + gm2) |2(w — Tdw/dT). XXVI 
The impossibility of deducing an experimental value for AS*, the one quan- 
tity which can be calculated entirely from the lattice model, through any 
combination of measurements of AF, AH and AS (only two of which are 
mutually independent) is inescapable according to equations XXV and 
XXVI, however disappointing this conclusion may be. Only if dw/dT may 
be neglected is AS* an experimentally accessible quantity, unless, of course, 

the nature of w could be independently established. 
The difference between the chemical potential uw, of the solvent in the 


mixture and that of the pure solvent ,° obtained by differentiation of 
equation XXIV is 


ee Th = TAS;* oe Naisw|qon2/(qum + gama) |* XXVII 
where AS,* =N@AS*/dn, and N is Avogadro’s- number. It will be observed 
that the quantity in brackets represents the “‘surface fraction”’ of the poly- 


mer. In the approximation that the g’s may be replaced by x’s, it may be 
replaced by the volume fraction giving 


wi — wy? = — TAS;* + v;(2w/V) 02? XXVIII 
where Vv; is the molar volume of the solvent and V is the volume of a lattice 
cell. The second term on the right recalls the van Laar heat of dilution term 
with zw/V representing the interaction energy per unit volume. As men- 
tioned above, however, in general w must be regarded as a free energy. 

Differentiating equation VIII gives for the contribution from the lattice 
configurational entropy to the partial molal entropy of the solvent 


AS\* = — R[In(1 — 02) + v2(1 — 1/x)]. XXIX 


According to Huggins’ equation X (and the equivalent equations of Miller, 
Orr, and Guggenheim) 


AS,* = — R{In(1 — %) — (2/2)In[1 — 200(1 — 1/x)/2]} XXX 
= —R{In(1 — 0) + 2[(1 — 1/x) + (02/2)(1 — 1/2)? 
+ (4/3)(o2/2)*(1 — 1/x)? +--+ }} XXX’ 


which differs from XXIX only in higher terms in v2/z. These are readily 
generalized to include any binary mixture where in general x,;~1 merely 
by redefining x as the ratio x2/x, of the molar volumes of the components. 

The precise treatment of the mixing of chain molecules to forma solution 
which conforms to the lattice model is an interesting problem, but it must 
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not be supposed that such treatments will yield results capable of repre- 
senting the behavior of actual systems with corresponding accuracy. The 
configurational element of a polymer chain is seldom, if ever, exactly de- 
finable, and even ‘if it were so, a solvent molecule (or an element thereof) 
rarely would match it in size and shape. The lattice parameters (z and V) 
for optimum description of each of the pure liquid components in general 
will differ; hence, they must vary with the composition of the mixture (in 
an unpredictable manner). In the extreme that the polymer element is 
much larger than that of the solvent, the lattice description is no longer 
useful, and for low concentrations of polymer elements, each will exclude 
a volume about four times its actual volume, as pointed out by Schulz (19). 
This will increase the entropy of dilution. If, at the same time, the sol- 
vent molecule is comprised of a chain of several elements, the polymer 
molecules, in effect, present a large surface which the solvent molecule can- 
not penetrate. This circumstance will decrease the entropy of dilution (20). 

From considerations such as these, it becomes apparent that a too 
literal application of the lattice model to actual solutions is unjustified. 
(Unfortunately, it is the only model which at present is amenable to suc- 
cessful theoretical treatment.) The conveniently concise entropy of mixing 
expressions VIII and IX doubtless are well within the limits set by the 
inaccuracies of the model and have the additional advantage that they 
contain no parameters of the artificial lattice model. Experimental data 
have so far failed to give any evidence for improved agreement over a wide 
concentration range through the use of the added terms of equation X and 
the above related expressions, notwithstanding the availability of the ad- 
ditional adjustable parameter (z) which they contain (cf. seq.). 

The partial molal entropy of the solvent, according to equation XXV, 
may be written 


AS; = AS;* — vi [z(dw/dT)/ V joo? XXXI 
in the approximation that the surface fraction may be replaced by the 
volume fraction. Similarly 

AH, = v,[(2w/V) — 2T(dw/dT)/V jo? XXXII 

= RT x." oe 4! 

where k,=Bv,/RT and B is the cohesive energy density parameter cor- 

responding to the bracketed expression in XXXII. This is the revised form 

which follows from Guggenheim’s assignment (18) of w to its proper role 

as a free energy per pair of dissimilar neighbors. If none but dispersion 

forces are operative, B=(6,—6,)?, where 6, and 6. are Hildebrand’s solu- 

bility parameters, i.e., square roots of the cohesive energy densities for the 
respective pure components. 

Turning to the chemical potential, substitution of XXIX in XXVIII 

yields 


wi — 1° = RT{In(1 — 0%) + w(1 — 1/x) + x22? | XXXIII 
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where x: corresponds to the Huggins yw; (no relation to chemical potential) 
being defined by 


x1 = (vi/RT)(2w/V) = {m + (vi/R)[2(dw/dT)/V]} XXXIV 
The quantity which we designate as x; has been conveniently treated as an 
empirical parameter by Huggins. It will be observed that the second term 
in the series expansion in XXX’, if retained, also contributes to x; a term 
which is small for any reasonable value assigned to z. Certain inaccuracies 
of the lattice model may also be deposited in x; (20). In short. the single 
parameter equation XXXIII is about the best that theory can offer at 
present for the chemical potential; replacement of the volume fraction in 
the last term by the surface fraction possibly would effect some slight 
improvement. The composition of the parameter x; is difficult to resolve. 


COMPARISON OF THEORY WITH EXPERIMENTAL DATA COVERING A 
WIDE CONCENTRATION RANGE 


According to equations XXXI, XXXII, and XXXIII, there are four 


possible cases to consider, namely: 


i. w=0 AS, = A5;* 
T(aw/aT) = 0 ' si, =0 
2. w £0 AS, = AS," 
T(dw/aT) = 0 AH, #0 
3. w #0 AS, # AS," 
T(dw/aT) = w ' ghee 
4. w#O0 
T(aw/dT) #0 AS, # AS;* 
w#T(aw/aT) AM, #0 


The above designations of AS, and AH], do not, of course, include terms 
arising from imperfections inherent in the lattice model. Case 1 is the ana- 
logue of an ideal solution for mixtures of simple liquids, and case 2 is the 
analogue of a regular solution. A quantitative comparison between the lattice 
theory entropy of dilution and experimental results is possible if the polymer 
solution behaves according to either case 1 or 2; only the shape of the calcu- 
lated curve can be compared if the solution belongs to case 3 or 4. 

In Figure 1, the function AS,*/ Roz? as calculated from equation XXIX, 
and from equation XXX using z=6, is compared with the experimental 
values of AS,/Rv.*. The polystyrene solutions conform approximately to 
case 3, (AH, =0), while the remainder fall under case 4. It should be pointed 
out that the polysilicones (curves a and b), for which x is only 15 and 52, 
respectively, are scarcely within the high polymer range. 
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Fic. 1. A comparison of the calculated and experimental entropies of dilution for: 
polysilicones, (a) and (b) of molecular weights 1,140 and 3,850, respectively, in benzene 
from Newing (21), rubber-benzene (c) from Gee & Orr (22), and polystyrene in 
toluene (d) and methyl ethyl ketone from Bawn et al. (23). The dashed curves were 
calculated assuming x = 15, 51, and 3150 by use of equation X XIX (prime) and equa- 
tion XXX with z=6 (double prime). The insert shows x vs. m, using AS; calculated 
from equation X XIX. 


According to equation XX XI, AS,*/Rov,? should differ from AS,/Rv2? 
by a constant (v;/R) [z(0w/dT)/V] for every value of v2. Similarly, equation 
XXXIII predicts a constant difference x, between AS,*/Rov.? and (u,—1°) 
/RT>v,? for all values of ve. The actual difference is plotted in the insert to 
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Figure 1 as a function of v2, using values of AS,* calculated from equation 
XXIX. For values of v2 greater than 0.3, x, obtained from the rubber-ben- 
zene data is nearly independent of v2; however, this is only approximately 
true for the polystyrene curves d and e. Vapor pressure measurements on 
the system polythene (x= 169) in heptane, recently reported by van der 
Waals & Hermans (24), can be fitted by a constant value of x:. The absolute 
value of x, depends on whether AS,* is calculated from equation XXIX or 
XXX, and in the latter case also on the value chosen for z. On attempting to 
fit the AS,/Rv.? data for rubber-benzene the difference is found to vary 
with v2. For the polystyrene solutions (case 3) the difference is equal to 
x: shown in the figure. These terms involving w and dw/dT are likewise of 
importance for mixtures involving simple liquids, as is illustrated by studies 
of hydrocarbon mixtures (24, 25). 

Heats of dilution as determined calorimetrically appear in Figure 2. The 
Scatchard-Hildebrand relation predicts a family of horizontal lines with 
ordinate values k= Bv,/RT. It can be seen that the ‘‘constant”’ x; decreases 
at lower values of v2. The experimental entropy curves c and d of Figure 1 
show a similar decrease from the calculated values in the dilute region. 
These two discrepancies are linked with the failure of implicit assumptions 
in the foregoing theory when applied to dilute solutions (cf. seq.). Apparently 
these discrepancies are of such a nature as to preserve the approximate 
constancy of x; over a fairly wide concentration range, nevertheless. 

















02 04 Ve 06 08 
Fic. 2. Heats of dilution by benzene. Curves (a), (b), and (c) are for polysilicones 
of molecular weights 1,140, 3,850, and 15,700, respectively, from Newing (21). The re- 
maining curves, taken from Gee & Orr (22) are: squalene (d), rubber (e), and poly- 
isoprene (f). 


DILUTE SOLUTIONS 


When v2 is small, the logarithmic terms in the expressions for the lattice 
entropy of dilution, equations XXIX and XXX’, may be expanded to give, 
respectively, 

A: 1*/R = vo/x + 02/2 ++-- XXXV 
ASi*/R = v2/x + (32/2) [1 — (2/s)(1 — 1/x)2] +--+. XXXV’ 
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The dilute solution expressions for the partial molal entropy of dilution, 
obtained by substituting the above into equation XXXI, are 
ASi/R = t/x + rr? +--+ > XXXVI 
AS/R = t2/x + [yr — (1/2)(1 — 1/x)2]og? + + + - XXXVI’ 
where (}—y) corresponds to (v,/R)[z(0w/dT)/V] of equation XXXI. 

It is apparent from curve c of Figure 1 that the lattice model predicts 
an entropy of dilution which is too large in the dilute region. All treatments 
of the lattice model involve the implicit assumption that, when adding 
molecule (i+1) to the lattice, the density of sites occupied by elements of 
the 7 molecules previously added is uniform throughout the lattice. This 
assumption will be valid only if the concentration is great enough to force 
a considerable overlapping of the polymer domains. At higher dilutions, the 
solution becomes microscopically discontinuous, the polymer molecules 
being separated from one another by regions containing solvent only (26). 

A treatment valid for dilute solutions has been obtained by considering 
the interactions between pairs of polymer molecules (27, 28). The distribu- 
tion of elements of molecule & about its center of gravity is assumed to be 
of the form 

pe = X4(B,/4)3e-Ba'*” XXXVII 
Where s represents the distance from the center of gravity and 
8’. = 3/alZ3 XXXVIII 
Z being the number of configurational elements of length / in the equivalent 
flexibly-jointed chain, and @ is the factor by which the linear dimensions 
of the molecule are increased due to intramolecular interactions. One con- 
siders the change in free energy within volume element 6U when polymer 
molecules k and / approach one another until their centers are separated by 
a distance a,;. From the expressions given above, it may be shown (28) that 
the change in free energy due to interactions between elements of molecules 
k and / within the volume element 6 VU will be given by 


kT [2pn.V2/(vi/N) |v — «i)8U 


where V is the volume of a polymer element and vy, the molar volume of the 
solvent. The logarithm of the partition function f(a,;) for the pair of mole- 
cules, obtained by integrating this expression over all volume elements, is 


= ® 
Inf(ax1) = -f f 2N(yi — x:)pxpi( V2/v1)22r? sin Odr dé. 
0 0 
Substituting the Gaussian expressions for p, and p; and performing the inte- 
gration 
Inf(ans) = — N(a — 1)(0°/vi) (Ba? /2bx 8) meme e P's o!2] XXXIX 
where vis the partial specific volume of the polymer, m, and m;,are the masses 


of the two molecules, and f,;;’ is a function of 8,’ and B,’. If all molecules 
are identical (homogeneous polymer), x7’ =6;,’ =B,' =B’. 
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Expressing the osmotic pressure in the form 
a/c = (RT/M)|1 + Te + Tye? +--- XL 


the second coefficient may then be calculated through use of the standard 
procedures for treating imperfect gases. For a homogeneous polymer 


Ir, = u/2m = (1/2m) f {1 — f(a) |4ra%da XLI 
0 


where « is the excluded volume for a pair of molecules, which yields 
Tr, = M(8/vi)(yi — mi) F(X). XLII 


This differs from the second coefficient as obtained from the lattice theory 
by the factor F(X), where 

X = M°8(62/v1) (vi — «:)/24e IN XLIII 
and 
F(X) =(8/3x4) f exp [—y?—X exp (—y?) ]y’dy=1—X/2!234+N2/3!13!-—---- XLIV 

0 

As indicated in equation XLIII, X contains the parameter 8 which depends 
on the dimensions of the polymer coil in solution. Literal application of the 


theory of intramolecular interactions within the dissolved polymer molecule 
(29) leads to the relationship 


X = 2(a? — 1) XLV 


where a, the factor by which the linear dimensions of the chain are increased 
due to intramolecular interferences, may be evaluated from suitable intrinsic 
viscosity data. Experimental verification of equations XLII and XLV 
remains to be carried out. 

The third coefficient [3 in equation XL, obtained by treating the mole- 
cules as impenetrable spheres of the proper diameter to give the second 
coefficient, was found to be 

Mr; = (5/8)P2?. XLVI 

Corresponding to equation XL one may write for the turbidity of a 

dilute solution of a homogeneous polymer 

He/r = (1/M)|1 + 20 + 30c2 +--+ | XLVII 
where the parameters are the same as before. Expressions corresponding 
to equations XL and XLVII have also been obtained for heterogeneous 
polymers (28). 

Osmotic data can be fitted to equation XL by plotting log (a/c) vs. log 
c on a sheet of transparent graph paper, and to the same scale on another 
sheet log G(T2c) vs. log (Tec), where 

G(T) = [1 + Pec + (5/8) 12%? ]. XLVIII 
These sheets are then placed one over the other and shifted horizontally 
and vertically (keeping the axes parallel) until the best fit is obtained. 








396 FLORY AND KRIGBAUM 


. ane eneneRSREONEE 














5 10 
cigmsi00cc) 


Fic. 3. x/c vs. c for polystyrene in toluene. The data of Bawn et al. (30) are indi- 
cated by open circles, those of Mark and co-workers (31) by filled circles. The solid 
curves were calculated using the values of the parameters appearing in Table I. 


TABLE I 


Osmotic AND LIGHT SCATTERING PARAMETERS FOR POLYSTYRENE 




















M, (x/c)ot YT RTA; RTAs Solvent 
73,000 3.48 0.37 1.29 0.30 Toluene 
77,000 3.29 0.38 27 0.30 Toluene 
95,000 2.66 0.43 1.15 0.30 Toluene 

159,000 1.59 0.58 0.92 0.33 Toluene 
188 ,000 1.34 0.69 0.92 0.40 Toluene 
280 ,000 0.90 0.85 0.77 0.41 Toluene 
400 ,000 0.63 1.13 0.71 0.51 Toluene 
935 ,000 0.27 2.05 0.55 0.71 Toluene 

Mn H(c/r)oX10°t Tr: RTA2 RTA; Solvent 

304 ,000 3.29 0.84 0.70 0.37 Benzene 
5,030,000 0.199 7.48 0.36 1.61 Toluene 





} in gm. per sq. cm., ¢ in gm. per 100 cc. 
tc in gm. per 100 cc 
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From the relative displacement of the axes (4/c)o=RT/M and I> are 
obtained. The terms in equation XLVIII appear to be sufficient for (r/c) / 
(x/c)yo<ca. 3. In Figure 3 are shown the combined osmotic data of Bawn 
et al. (30) and Mark and co-workers (31) for polystyrene in toluene. The 
values of the parameters so obtained appear in Table I; these have been 
used to calculate the w/c vs. c curves shown. The osmotic data of Flory (32), 
of Masson & Melville (33), and of Schick, Doty & Zimm (34) have recently 
been treated in this manner (35). In every case the w/c vs. c relation was 
curved, and the initial slope decreased with increasing molecular weight. 
The above procedure enables one to determine the intercept of the curve 
with considerably greater accuracy than any of the extrapolation methods 
previously proposed. 
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Fic. 4. lc/r vs. ¢ for polystyrene. The data of Fox, Flory & Bueche (35) for pely- 
styrene in benzene are indicated by closed circles, those of Zimm (36) for polystyrene 
in toluene by open circles. 


Light scattering curves may be fitted by the same procedure, using 
equation XLVII in place of XL. Data for polystyrene in benzene (35) and 
toluene (36) appear in Figure 4. The solid curves have been calculated using 
the parameters appearing in Table 1. 


SPECIAL APPLICATIONS OF POLYMER SOLUTION THEORY 


Phase equilibria in binary systems.—The critical conditions, obtained by 
setting the first and second derivatives of equation XX XIII equal to zero, 
are (6) 


t (crit.) = 1/(1 + x3) xx XLIX 
x1 (crit.) = (1 + x4)?/2x ~$ 4+ 274. i 


The critical concentration decreases with increasing chain length (x). For 
infinite chain length the critical concentration proceeds to zero and Xi 








398 FLORY AND KRIGBAUM 


(crit.) approaches one-half. When x, =}, the objections to the general theory 
of polymer solutions disappear, for then the excluded volume is zero (i.e., 
F(X) =1) and the dilute solution equations (see equation XLII) converge 
with those of the general theory. The phase boundary curve for a polymer- 
solvent system may be calculated by equating the chemical potentials for 
solvent (given by equation XXXIII) and solute (which have not been 
included here) in the two phases (6, 8). The calculated highly unsymmetrical 
curve is confirmed semiquantitatively by the results (37) for cyclohexane- 
polystyrene shown in Figure 5. 
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Fic. 5. The precipitation temperature of polystyrene (x=856) in cyclohexane 
as a function of volume fraction of polymer. 


Recalling that x: varies linearly with 1/7, according to equation L, the 
reciprocal of the critical (or consolute) temperature for polymer fractions of 
different molecular weights should vary linearly with the function of the 
chain length plotted along the abscissa of Figure 6. Recent experimental data 
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Fic. 6. The reciprocal of the critical temperature for polystyrene of various molec- 
ular weights in cyclohexane. The intercept gives the value of yi/m T, and yi may be 
obtained from the slope of the line. 
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(37, 38, 39), some of which are shown in Figure 6, confirm this prediction, 
although the slope of the straight line differs somewhat from that predicted 
theoretically. The principal feature of such systems, namely, the separation 
of a highly swollen precipitated phase (‘‘coacervate’’) is implied in the tem- 
perature-composition curve shown in Figure 5, and hence is adequately 
accounted for by the theory. 

Phase equilibria in multicomponent systems.—The theory of polymer 
solutions has been applied by Scott (40) and by Tompa (41, 42) to phase 
equilibria in multicomponent systems consisting of two low molecular 
weight liquids and one polymer, or of two polymer species and a single 
solvent. The three component diagram for the system acetone-chloroform- 
cellulose acetate calculated by Bamford & Tompa (42) using reasonable 


C2oHs0H 
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Fic. 7. Phase diagram for the ternary system: chloroform, alcohol, cellulose acetate 
(x =935) from Bamford & Tompa (42). 


values for the interaction parameters and for the size (x) of the polymer is 
shown in Figure 7. The observed behavior of the system is well accounted 
for. As opposed to the behavior of the analogous two component system, 
Tompa has shown that neither of the phases which separate on cooling a 
polymer in a mixed solvent will necessarily be dilute in polymer. That the 
phase equilibria in such systems usually differs markedly from that il- 
lustrated in Figure 5 has been shown by Powers (43). 

Turning to the case of two chemically different polymers and a single 
solvent, it is to be noted first of all that two such polymers seldom will be 
compatible with one another in the absence of diluent. Since the configura- 
tional entropy of mixing is so small (vanishing for x = ©), only a very slight 
positive energy (more accurately free energy w) is sufficient to cause phase 
separation; only in the rather exceptional case of endothermal mixing is 
compatibility to be expected. The presence of a solvent, almost irrespective 
of its nature, merely decreases by a factor approximating vz the interaction 
required to bring about phase separation according to theory (40, 41). Thus, 
the theory provides an explanation for the widely observed (44) incom- 
patibility in a system consisting of two polymers and a solvent in which 
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either is readily soluble alone. Two highly swollen phases are formed each 
containing one of the polymers as the predominate solute. Even a mixture 
of two hydrocarbon polymers, rubber and polystyrene (44), shows phase 
separation from benzene when the concentration of each is no more than 
about 1 per cent (a limit which should depend on the molecular weights of 
the polymers). 

For a system consisting of a solvent and a mixture of polymer homologues 
differing only in molecular weight, Stockmayer (45) has shown that the 
critical point (plait point) should occur, according to the polymer solution 
theory, at 

 (crit.) = 1/(1 + #y%,75) LI 


2x1 (crit.) = (1 + #09)? — (4.4 — #.5)?/Z td LI 


where Z, and &, are the weight- and z-averages of x for the mixture of polymer 
species. Tompa (46) rightly points out that the ‘“‘apparent critical point”’ 
established by determining the temperature of phase separation for a poly- 
mer of given distribution will not, in general, correspond to the true critical 
point calculated by Stockmayer. Studies of phase equilibria in three com- 
ponent systems (37) consisting of two polymer fractions which differ in molec- 
ular weight in a single solvent show that the temperatures at which the 
critical plait point occurs for a given ratio of the two fractions may be in- 
terpolated satisfactorily from their individual (binary) critical temperatures 
in the same solvent using Stockmayer’s equation LII. The apparent critical 
temperatures at which phase separation occurs for fixed temperatures may 
be estimated according to methods developed by Tompa (46). Calculations 
from theory are in agreement with experiment. 

Swelling—When a polymer having an infinite network structure is 
immersed in an excess of solvent, the polymer absorbs solvent until equi- 
librium is established between the thermodynamic interaction of solvent 
with polymer chain segments and the retractive forces arising from expansion 
(orientation) of the network structure (47). The degree of swelling at equi- 
librium affords a convenient measure of the parameter governing polymer- 
solvent interaction, and results may be interpreted with the aid of equations 
deduced from the polymer solution theory (48). This method has been 
applied extensively to vulcanized natural and synthetic rubbers (49, 50) 
and to cross-linked polystyrenes (51). Expected correlations are observed 
between the degree of swelling and the magnitude of the intrinsic viscosity 
of a corresponding linear polymer in the same solvent. 

Intrinsic viscosity.—J ust as for a network polymer, a single linear polymer 
molecule swells when dissolved in a solvent, the degree of swelling being 
greater in better solvents. The intrinsic viscosity depends directly on the 
effective size of the molecule in dilute solution. The recent theory (29, 52) 
of the configuration of polymer molecules in solution permits evaluation of 
the entropy and heat of dilution parameters, x; and kK, from measurements 
of intrinsic viscosities and their temperature coefficients (38, 39). This 
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procedure is relatively simple experimentally and should find extensive 
use in the future. 


of 


de 


Melting point studies—Recent work has demonstrated the feasibility 
determining the interaction parameter x, through measurements of the 
pression of the melting point of crystalline polymers by diluents. This 


method is not applicable at high dilutions. It has been applied successfully 


to 


wv 


10. 


the polyamide N-sebacoy] piperazine (53) and to cellulose tributyrate (54). 
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COLLOID CHEMISTRY 
EXCLUSIVE OF HicH PoLtyMeErs! 
By J. W. WILLIAMS 


Department of Chemistry, University of Wisconsin, Madison, Wisconsin 


In many ways the colloid chemistry of 1950 is a new subject. When 
approached with the idea that the fundamental laws of chemistry and 
physics prevail throughout, it appears possible, in outline at least, to explain 
the quantitative behavior of many of its systems with the aid of such 
disciplines as the thermodynamics of solutions and of phase boundaries, 
statistics, kinetic theory, van der Waals-London attraction between atoms, 
etc. Those systems whose properties are largely determined by the electrical 
double layer surrounding the particles, the classical lyophobic colloids, 
still present many difficulties; nevertheless substantial progress has been 
recently made in the elucidation of their behavior. 

Classification of colloidal systems is now based upon their thermodynamic 
stability. Natural colloids, usually of organic nature, are called intrinsic 
colloids (including molecular colloids and micellar colloids), and they 
form thermodynamically stable systems. The other colloids, extrinsic or 
accidental, represent in general the dispersions of ordinary insoluble ma- 
terials obtained by processes involving subdivision and are most often 
inorganic in character. 

The new classification is the result of logical development. In the early 
years of this century, the ultramicroscope had become a favorite instrument 
in the study of extrinsic colloids, but now it has given way to the electron 
microscope. With this new instrument, all colloidal particles down to 
viruses and certain polysaccharides are now made visible. Size, shape, and 
size distribution studies in clays, inorganic precipitates, metallic sols, carbon 
blacks, etc., are carried out with the electron microscope. 

In the case of organic macromolecules, such as the proteins, polysac- 
charides, dyes, soaps, etc., which are not visible in the electron microscope, 
the molecular kinetic methods have become standard for their study and 
description. With them, absolute measurements of molecular or micellar 
size, shape, and size frequency are being carried out at an ever increasing 
pace. There are certain general principles which have been recognized to be 
of common applicability to all macromolecules, and many of the present 
day colloid chemists are occupied with these fundamental ideas. It seems 
proper to remark, too, that the impact of what is termed high polymer 
chemistry upon certain phases of our subject has been very significant. 


' The survey of the literature pertaining to this review was concluded in February, 
1951. 
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INTRINSIC COLLOIDS 


Since the organic high polymers are receiving consideration in another 
section of this volume [Flory & Krigbaum (172)], we may mention, and to 
a certain extent discuss, progress in researches having to do with colloidal 
electrolytes. (The more modern term ‘‘polyelectrolytes”’ is almost synony- 
mous.) Here again, there is a restriction in that the ion-exchange resins are 
to be treated in another review [Boyd (173)]. 

In the typical colloidal electrolyte solution, the constituent charged 
effective kinetic units are in part so large that additional properties arise 
which are directly due to their size and electrovalence (Donnan effects, 
solubility behavior, and other electrochemical phenomena). [hey are usually 
classified as: (a) those compounds which dissolve to molecules which are so 
large that the new properties result (globular proteins, synthetic polyelec- 
trolytes), and (b) those systems in which the eventual dispersion is not into 
the ultimate kinetic units, but in which an equilibrium exists between 
aggregative and disaggregative tendencies to give micellar systems (soaps, 
certain dyes, nucleic acids, etc.). 

Although this classification is widely used, there is reason to believe that 
ideas such as those of Debye (1), used in connection with the formation of 
soap micelles, may be also applicable to protein systems making the dif- 
ferences between the different polyelectrolytes those of extent rather than 
ultimate kind. For instance, dissociation and association phenomena con- 
tinue to make their appearance in studies of protein stability, and perhaps 
the protein consists of a number of aggregated small polypeptide chains 
rather than of a long spiral chain. 


PROTEINS 


Improvements in theory and practice of molecular kinetic methods.—With 
the introduction of the ultracentrifuge in 1923, there began an era in the 
physical chemical study of molecules of intermediate and large sizes. Along 
with the sedimentation methods, diffusion, osmotic pressure, light scat- 
tering, viscosity, dielectric constant dispersion, and other experiments 
were adapted in theory and practice to systems containing macromolecular 
solutes. There followed a period of consolidation of these techniques with 
an accompanying growth of the subject, but in the immediate post World 
War II years, it has become apparent that either the accuracy of the avail- 
able methods needed extension or completely new methods were required to 
solve many of the problems at hand. While the second alternative remains 
highly desirable, substantial progress with the first has been made. 

Osmotic pressure-—In two papers of basic importance Scatchard et al. 
(2, 3), have considered in theory and experiment the salt distribution and 
osmotic pressure over a large range of pH as well as of protein and salt 
concentrations in solutions uncomplicated by the presence of buffers other 
than the protein. The approach to the theoretical problem is rigorously 
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thermodynamic in character, leading to a clear interpretation of the meaning 
of the several interaction coefficients: protein-protein, protein-ion, and 
ion-ion. 

The actual osmotic pressure measurements, applied to bovine serum 
albumin systems, give 69,000 for the molecular weight of the protein, in 
excellent agreement with values obtained by using the sedimentation veloc- 
ity-diffusion, sedimentation-equilibrium, and small angle x-ray scattering 
methods (68,000 to 70,000). The impact of these articles of Scatchard in 
studies of systems containing charged molecules is to be found not only in 
considerations of osmotic pressure, but also in such related experiments as 
light scattering and sedimentation equilibrium theory. 

Light scattering —Protein chemists seem to prefer light scattering 
measurements to observations of osmotic pressure in spite of the fact that 
the intensity of the scattering varies with protein concentration. This is 
indicative of a high degree of nonideal behavior. Molecular weights of enolase 
(4), of ovalbumins (5), and of B-lactoglobulins and bovine serum albumins 
(6) have been determined, apparently with success. The molecular weight 
determination of a purified rabbit antibody by Campbell, Blaker & Pardee 
(7) has given a result in agreement with the datum commonly accepted for 
the serum y-globulins. 

Surely the most careful theoretical study of the application of this 
method to protein systems has been made by Edsall, Edelhoch, Lontie & 
Morrison (8). The extended osmotic pressure equations of Scatchard have 
been inserted into the light scattering equation to give a general equation 
for turbidity in terms of solute concentrations, valences of the ions of added 
salt, the several interaction coefficients, etc. 

It is disappointing to find that the molecular weight of bovine serum 
albumin is hardly in what we would term good agreement with values 
derived from osmotic pressure, from the sedimentation experiments, and 
from small angle scattering of x-rays. These methods consistently give 
molecular weight values from 68,000 to 70,000, while the values from 
light scattering vary quite appreciably about a mean value of some 77,000. 
Apparently it becomes necessary to accept as a reasonable explanation of the 
discrepancy the fact that since the sedimentation velocity diagram indicates 
the presence of a few per cent of a fast component, there is now observed a 
weight average molecular weight which should be higher than the osmotic 
number average molecular weight. On proper computation, the sedimenta- 
tion methods may give weight average molecular weights, or averages not 
greatly different therefrom. 

Sedimentation equilibrium.—In addition to the osmotic pressure and 
light scattering methods, observations of the sedimentation equilibrium 
give definite values of molecular weight when extrapolated to zero concen- 
tration. The sedimentation equilibrium method has the great advantage 
over the others in that it provides information about distribution of molecu- 
lar sizes. 
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Probably the most significant advances of two decades in the theory and 
use of the sedimentation equilibrium method have been recently made by 
Wales et al. (9) and by Kegeles (10). The success of the work has been such 
that there is clear indication that this technique will take a place in the 
study of polyelectrolytes (and other organic macromolecules) comparable 
to that now occupied by the sedimentation velocity methods in the study 
of the physical chemistry of the proteins. Two general methods by which 
molecular weight distribution curves may be obtained have been elaborated: 
(a) the solution of a set of integral equations which makes use of the solute 
concentrations as a function of distance from the center of rotation, and 
(b) the construction of a curve from a more general function which can be 
evaluated by taking the molecular weight averages M,, My, Mz, and Mz4i, 
all of which may be obtained from the single experiment. For the most part, 
the observations of Wales have involved organic high polymers, but Kegeles 
has used his prismatic cell to demonstrate that crystalline ovalbumin may 
be distinctly heterogeneous. 

Although the claim has been made by the Specialized Instruments Cor- 
poration, manufacturers of the ‘‘Spinco’’ ultracentrifuges, that these instru- 
ments may be used for sedimentation equilibrium experiments, the writer 
is not aware of any use of the instrument in this fashion or even of any 
demonstration to substantiate the claim. There are a multitude of purposes 
to be served by the sedimentation equilibrium experiment, and the hope 
is expressed that it will be soon removed from the forgotten or neglected 
category. 

Diffusion.—In an historical survey of diffusion, Longsworth (11) de- 
scribed some early observations of Gouy (12) of the propagation of light 
waves through a diffusion column, and after describing the formation of 
interference bands by a schlieren lens and the refractive index gradient in 
the plane of the knife edge wrote, ‘‘A quantitative treatment of this phe- 
nomenon, if one were available, would doubtless lead to greater precision 
in the use of the optical methods.”’ Kegeles & Gosting (13) and independently 
but somewhat later, Coulson, Cox, Ogston & Philpot (14, 15) solved this 
problem. The English investigators, seeking a more rapid method for the 
determination of a diffusion constant, showed that the movement of the 
outermost interference fringe was described adequately by a mathematical 
approximation using Bessel functions for values of total refractive dif- 
ference between solutions and solvent greater than a path difference of 
some 13 wave lengths. The Bessel function approximation was inadequate 
for the description of the position of bands other than the outermost one. 
The American approach was based upon the desire to improve substantially 
the accuracy of the determination of a diffusion constant, with no thought 
of reduction in the time of an experiment. Under these conditions, they 
demonstrated that the movement of the bands may be accurately de- 
scribed, with intensity maxima occuring at phase differences of (7+). The 
theoretical work has been amply verified by experiments with potassium 
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chloride, sucrose, and glycine (16 to 20). Experiments in very concentrated 
sucrose solutions have been also successful (21). 

Sedimentation velocity—During the period of very recent years covered 
by this report, there have been several significant advances in the use of 
this method. In an attempt to increase the precision of the experimental 
measurements, a careful study of the errors of the Svedberg oil-turbine 
ultracentrifuge has been carried out by Cecil & Ogston (22). A method of 
computation for the sedimentation constant which avoids some earlier 
inaccuracies is described in detail. The situation is reminiscent of that 
which obtained in the case of the calculations of first-order reaction velocity 
constants prior to 1931 (23). In addition, these authors have called attention 
to the proper procedures to be used and precautions to be taken in the 
evaluation of the quantity of a sedimenting component. 

The density correction of sedimentation constants receives attention 
from Schachman & Lauffer (24), but we cannot agree that the situation is 
thereby improved, for one reason because the basic quantities required for 
use are not exactly defined in terms of properties which are accessible to 
direct experimental measurement. There is so much discussion about this 
particular correction that we feel a few additional statements are not out 
of place. The analysis of Lansing & Kraemer (25, 26) for the effect of solva- 
tion in sedimentation equilibrium is evidently directly applicable, without 
modification, to the sedimentation velocity-diffusion constant method for 
determining molecular weights. The magnitude of the error in the latter 
case is related in the same way as in the equilibrium experiment to the 
composition of the solution and the partial specific volumes in accordance 
with certain equations which have been given by Lansing & Kraemer. 

The crux of the matter is to be found in their equation, 


M,°(1— Vip) = Mie(1 — Vip). 


If this equation can be verified, then the conclusions of Kraemer & Lansing 
are fully substantiated. With Lansing & Kraemer, the identity seems to 
have been a matter of intuition. However, it can be demonstrated to be 
correct, and we must conclude that the Lansing & Kraemer treatment is the 
best and most exact one on the subject available today. 

In the past few years, a number of ultracentrifuges of a new type have 
been produced by the Specialized Instruments Corporation. It might be 
well to mention the fact that the sedimentation constant data obtained in 
laboratories where these ‘‘Spinco”’ machines are in use are almost consistently 
5 to 10 per cent lower than the more classical values recorded in the litera- 
ture. Furthermore, in many instances, it seems to have been forgotten that 
the specific sedimentation constant is a molecular characteristic quantity, 
and while it may be true that the physical chemist always likes to extrap- 
olate certain of his quantities to infinite dilution, only additional confusion 
can result when investigators report their sedimentation rates at undis- 
closed, perhaps even unknown, solute concentrations. 
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Gofman and colleagues (27) have made ingenious use of the principle 
of flotation sedimentation, using both preparative and analytical ultra- 
centrifuges to isolate and study certain lipoproteins of human sera. Seem- 
ingly, these studies will have important and far-reaching consequences 
because one class of these large molecules is related to the disease athero- 
sclerosis; further comments will be made later on in this report. 

In a communication, Baldwin & Williams (28) have presented in outline 
a method by which it becomes possible to sort out the contributions of 
molecular mass heterogeneity and diffusion to the spreading of the sedi- 
mentation boundary, thus providing means for the computation of each. 
While the method may be limited to systems in which sedimentation and 
diffusion constants are substantially independent of concentration, already 
it has given valuable information in connection with the sedimentation 
velocity diagrams for the serum y-globulins before and after enzymatic 
hydrolysis. 

Unusually good reviews of the general subject of sedimentation analysis 
are to be found in articles by Nichols & Bailey (29) and by Kinell & RAanby 
(30). 

Electrophoresis——At the moment, there are several important applica- 
tions of the electrophoresis experiment. It is used for the analysis of nat- 
urally occurring mixtures of colloids and of the products obtained in the 
course of fractionations to obtain ‘‘purified’’ components. It serves as a 
means to describe the heterogeneity of a protein from the shape of the 
refractive index gradient vs. distance pattern. It gives valuable information 
about the binding of ions, nucleic acids, and other proteins, etc., to proteins. 

When current passes across an initially sharp boundary between two 
different electrolyte solutions, new concentration gradients result. The 
theory of such moving boundary systems formed by strong electrolytes 
has been a matter of record for some time. Independently, Alberty, Svensson 
and their co-workers (31 to 35) have discussed in considerable detail the 
application of the moving boundary equation to certain systems formed by 
weak electrolytes. 

The mathematical foundations for the interpretation of electrophoresis 
experiments with interacting systems are found in an article by Longsworth 
& MacInnes (36). Even prior to this time, Seibert (37) had noted peculiari- 
ties under certain conditions in the electrophoretic patterns of systems con- 
taining nucleic acid and protein, which she attributed to interaction. Alberty 
& Marvin (38) and Smith & Briggs (39), using the system bovine serum 
albumin-methyl orange, have shown how such interactions may be more 
precisely studied by the use of the concept of constituent mobility. 

An improvement in technique (40), whereby the electrode vessels are 
fused directly to the top section of the Tiselius glass assembly, makes a 
much more compact system and eliminates a major source of leaks and 
volume fluctuations which had long precluded precise mobility measure- 
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ments. With it, three of these assemblies now occupy the space formerly 
required for one, permitting three experiments to be carried out simul- 
taneously with one optical system. 

The study of the heterogeneity of proteins by using the electrophoretic 
method has been rapidly extended. The basic equation, due to Sharp, Hebb, 
Taylor & Beard (41), was first solved by Alberty (42) for the case in which 
diffusion is not negligible and in which the protein has a Gaussian distribu- 
tion of mobilities. Now, Brown & Cann (43) have been successful in obtaining 
an expression for the mobility distribution in terms of the higher moments 
of the schlieren pattern for the case in which this distribution can be repre- 
sented by the Gram-Charlier A series, and Baldwin, Laughton & Alberty 
(44) have given a general method for the determination of protein mobility 
distribution at the average isoelectric point. 

Hoch (45) has shown that heterogeneity of a protein can be detected by 
failure of the protein to yield a steady state moving boundary. 

The electrophoresis experiment may be conducted in a number of ways 
in lieu of chemical fractionation to bring about a separation of the protein 
constituents of a system. Kirkwood and associates (46 to 49) have had 
marked success in the development of their electrophoresis-convection 
procedures. Their experiments in which the components of some serum 
y-globulin systems have been fractionated are worthy of careful study. 

Other preparative schemes have been described by Svensson & Brattsten 
(50, 51). 

X-ray studies—The study of the small angle scattering of x-rays is 
coming into use as a tool in the study of finely divided materials. Most of 
the earlier work has been concerned with the determination of particle 
size and size distribution in materials such as carbon black, colloidal gold, 
certain catalysts, etc. (52 to 56), but it is now being extended to the more 
common proteins (57, 58). It shows considerable promise as a much needed 
new method to gain information about the size and shape of protein mole- 
cules. The articles to which reference is made are to be considered as pioneer- 
ing researches, ones deserving of careful attention and intensive develop- 
ment. 

X-ray diffraction studies are used in order to obtain the weight of 
the number of molecules in a unit cell of the protein crystal. Although 
the interpretation of the x-ray patterns of such large molecules is a 
vastly complex and highly technical subject, progress continues to be made 
(59). 

Having devoted some sections to the development of the methods by 
which the intrinsic colloids are studied, we shall attempt to show how they 
have been used in the solution of some problems in protein chemistry. The 
proteins are considered to be representative of the polyelectrolytes and the 
methods might have been applied, perhaps even have been utilized in dye 
chemistry, in soap and detergent chemistry, or in silicate chemistry. 
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PROBLEMS IN PROTEIN CHEMISTRY 


Heterogeneity of proteins.—In the interpretation of any studies with 
polyelectrolyte systems, it is desirable to establish and give quantitative 
expression to the degree of heterogeneity of the preparations with respect 
to the property being measured. In the case of proteins which are soluble and 
stable at their average isoelectric points, Alberty, Kirkwood, and others 
have shown that the electrophoresis experiment offers a quantitative test 
for heterogeneity with respect to ion mobility, a property which is sensitive 
to very small changes in the protein molecule. Svedberg, Pedersen, Kraemer, 
Wales, and many others have described the use of observations of sedi- 
mentation velocity and of sedimentation equilibrium to give the molecular 
mass spectrum in a macromolecular system. There are other criteria, based 
upon constant solubility, crystallizability, fractionation (including the 
Craig counter-current separations), and other properties. 

Experiments of these various kinds have been frequently cited as sup- 
porting evidence for what is termed “homogeneity.”’ In biochemistry, this 
term is used, probably in its proper way, to indicate that the molecules 
are essentially, but not necessarily exactly alike, with the implication that 
they come from the same source. In physical chemistry, the attempt is 
being made to give quantitative meaning to the extent of the heterogeneity, 
by using what are termed heterogeneity constants. The point to be made 
here is that during the past few years, the physical methods of study have 
been improved, as indicated above, to the point that it is possible to detect 
heterogeneity where it would not have been noticed in 1946, let us say. 
To us, it seems unfortunate that many biochemists do not always trust 
these more refined experiments, and actually certain philosophical questions 
have arisen. To be specific, should we talk about ‘‘pure’’ proteins? 

A so-called pure protein will interact with ions of the buffer system in 
which it is dissolved. Restricting the discussion to the boundary spreading 
in electrophoresis, this interaction will not produce spreading unless the 
rates of association and dissociation are very slow. Also, as Ogston (60) 
and Kauzmann (61) point out, even if the rates were sufficiently slow to 
produce boundary spreading, it would be irreversible and, therefore, it 
could be distinguished from the reversible effect produced by heterogeneity. 

The results of Alberty et al. (62, 63) suggest that most protein prepara- 
tions give finite heterogeneity constants of mobility. One wonders, then, 
if ‘“‘pure’”’ proteins are not often produced in nature or if the methods of 
fractionation or separation produce heterogeneity. There appears to be no 
answer to this question as yet. It is probably a matter of accident that the 
ribonuclease of Kunitz comes the closest to giving a heterogeneity constant 
of zero, in spite of the fact that rather drastic conditions of separation are 
employed. 

Ion binding.—Investigators of protein-ion interaction have at present 
no general criterion of interaction such as the Raman line which Young et al. 
(174) have proposed as definitive of ion association in common electrolytes, 
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but they have vigorously attacked the problem by a variety of methods. 
An extremely valuable critique of the situation as a whole is to be found 
in a review of Scatchard (64). 

The equilibrium dialysis technique, as extensively developed by Klotz, 
(65 to 70), has been employed in many investigations of the interaction of 
proteins with detergents, dyes, and other low molecular weight compounds. 
The data are generally fitted to the Langmuir isotherm and values of maxi- 
mum binding number and intrinsic binding constant are so obtained. Karush 
(71, 72) has discussed systems where the simple Langmuir isotherm does 
not adequately describe the interaction and after considering irreversibility, 
micelle formation, and electrostatic interaction, has proposed a modification 
of the theory which allows for a distribution of types of binding sites. 

Velick (73) has found ultracentrifugation to be a feasible replacement 
for equilibrium dialysis in cases where membrane effects are large compared 
to the protein-ion interaction. 

A wide variety of analytical methods, including conductance, spectro- 
photometric, and radioactivity measurements, have made possible the 
application of the equilibrium dialysis method to protein interaction with 
many small ions. Scatchard et al. (74) have found good agreement between 
interaction data obtained by electromotive force measurements and by the 
equilibrium dialysis method. 

As noted above, the electrophoretic behavior of interacting systems has 
been described by Longsworth & MaclInnes (36). The quantitative theory 
for the case of rapid attainment of equilibrium compared to the time of 
electrophoresis has been developed and tested by Alberty & Marvin (38) 
and by Smith & Briggs (39). This method is general for all ionic interactions 
from small ion-small ion to protein-protein combinations. 

The electrophoresis experiment also provides means for the estimation 
of the electro-valence of a protein under a given set of conditions. The results 
so obtained may be compared with data obtained from titration curves (75). 

The absorption spectra of metal-protein complexes have yielded in- 
formation regarding the functional group on the protein to which the 
metal ion is bound. Similar information has been obtained from studies of 
proteins which have been chemically reacted to mask or change some of 
their functional groups. 

Measurements of light scattering have given some evidence of ion in- 
teraction (8), but the data are not as readily obtained or interpreted as in 
the case of the other methods discussed. 

Interaction studies have elucidated to some extent the mechanism of 
interaction, energy of interaction, number of reacting sites, relation of 
number and strength of binding sites to the amino acid composition of the 
protein, structural specificity for the bound ion, and the physiological func- 
tion of serum proteins. These studies can be expected to yield information 
regarding the number of reacting sites on enzymes. Velick (76) has obtained 
useful information from interaction studies between the enzyme, aldolase, 
and phosphate ions. 


no general criterion of interaction such as the Raman line which Young et al. 
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Lipoproteins.—Outstanding in this category are the researches of Gofman 
and associates, already mentioned in connection with the developments in 
flotation techniques. Through the early researches of McFarlane (77) and 
Pedersen (78), the presence of lipoproteins in human and animal plasma 
had been well established. In their sedimentation velocity studies, the 
amounts of these low-density proteins were found to depend upon the total 
concentration of the proteins and the ionic strength of the system. Their 
original interpretations of the meaning of the data are subject to modification 
by later reports of Ogston (22) and of Gofman (79, 80). 

In the meantime, Oncley ef al. (81) had isolated and characterized two 
distinct proteins of this kind, the so-called a,- and ,-lipoproteins, from 
pooled human plasma, but there remains open the question as to whether 
the X-proteins of McFarlane and of Oncley are identical. 

The recent Gofman studies have indicated that the serum lipoproteins 
are reasonably stable molecules, as mentioned above. Their use of the 
preparative high-speed centrifuges for the isolation of several classes of the 
low-density serum lipids and lipoproteins is most ingenious and has led to a 
period of intensive study of these substances. There is much expectation 
that the vital biological activities of these complex molecules and the whole 
subject of fat transport in the organism will be now better understood. 

Dissociation-association reactions.—An ever-increasing number of protein 
investigations are being carried out in the ultracentrifuge. It is an important 
tool in biological and medical research. The physical chemist, with an in- 
terest in the nature and structure of the proteins, may also benefit from its 
use. It has been suggested that a protein molecule may consist of not one, 
but a number of polypeptide chains. In a very suggestive communication, 
Pauling & Corey (82) have described the spatial requirements. 

It was the prevalence of dissociation-association reactions in the respira- 
tory proteins which led Svedberg to the hypothesis that the molecular 
weights of the proteins are simple multiples of some unit weight. Whatever 
may be one’s opinion relative to this hypothesis, the fact remains that 
protein dissociation systems continue to be found. For example, it was 
discovered in this laboratory (83) that commercial insulin has a sedimenta- 
tion constant of 1.6 S and a diffusion constant of 15.0107 sq. cm. per sec. 
in solution at pH 3.0. These data lead to a molecular weight of 12,000, or 
about one-third of the normal value which is obtained within the pH 
stability range. Furthermore, ‘‘In saline solution at the same pH, the par- 
ticle size distribution is different because the sedimentation constant is 
doubled, becoming 3.3 S’’ (which is substantially the normal value). 

These observations of Moody have been amply verified by Gutfreund 
& Ogston (84, 85), Pedersen (86), Ellenbogen (87), and Fredericq & Neurath 
(88). Indeed, studies of this important hormone have a lively interest just 
now because of the fact that there is no agreement as to whether the smaller 
molecules are one-half, one-third, or one-quarter normal size, although 
the several observers all arrive at molecular weight of very close to 12,000 
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for them. The x-ray data of Crowfoot indicate that insulin crystals contain 
three sub-units. Sanger (89) concludes that bovine insulin of a molecular 
weight of 12,000 is made up of four open polypeptide chains, joined by 
—S-—S-— bridges, two of which have a molecular weight of 3700 and contain 
all the amino-acids of insulin, and two of which possess a lower molecular 
weight of 2,700 and lack certain amino-acids. 

The unique thing about the Fredericq-Neurath article is their claim to 
have established a minimum molecular weight for insulin of about 6000 
by using sedimentation and diffusion measurements at pH 2.6 in dihydrogen 
phosphate. Sedimentation constants observed by them often corresponded 
to a movement of sedimentation boundary of roughly } mm. per hour under 
the conditions described. Furthermore, not much information is given as to 
the determination of the diffusion constant used. The ‘‘conventional meth- 
ods’’ may give a variety of results in systems of this type. To establish the 
molecular weight of a protein of such small size, the use of the sedimentation 
equilibrium method isindicated. In additional observations with association- 
dissociation systems, Schwert et al. (90) have discovered that a-, y-, and 
6-chymotrypsin appear to dimerize in solution, the extent of dimerization 
varying with pH and protein concentration. 

Johnson & Shooter (91) have confirmed some earlier observations that 
the globulin protein of the peanut forms a reversibly dissociating system in 
solution, the globulin occurring chiefly in dimer form in nature. The equi- 
librium positions between dimer and monomer and their rate of attainment 
in solutions depend upon pH, ionic strength, and type of salt present. 

It is reactions of these kinds which lead one to wonder just how far the 
approach used by Debye in his study of micelle formation can be applied 
in protein chemistry. It should be a fruitful field for investigation. The 
basic idea has been provided; the necessary extensions into protein as well 
as in detergent chemistry cannot be far away. 

Enzymatic degradation.—A number of researches have had as their object 
the analysis of enzymatic action. In an excellent survey article, Linder- 
strém-Lang (92) has collected the results of his studies on the structure and 
enzymatic hydrolysis of proteins. An attempt is made to answer the question 
as to whether the proteinase directly attacks the native protein molecule 
by splitting peptide bonds in this molecule, or whether the action is preceded 
by a labilization, bringing into use earlier ideas of Lundgren and the writer 
(93, 94). 

Beloff & Anfinsen (95) have studied the digestion of certain of the more 
common proteins by pepsin and trypsin, obtaining results consistent with 
the Tiselius & Eriksson-Quensel (96) ‘‘all or none’’ mechanism of proteol- 
ysis. In many of the reports on this general subject, there has not been a 
clear differentiation as to whether the composition of material which has 
passed a dialysis sack or which has been retained within the sack is under 
consideration. This has led to much confusion and, the writer believes, an 
unnecessary classification of types of enzymatic cleavage. With the new 
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analysis of boundary spreading in sedimentation velocity (28), there is 
hope that the situation may be improved. 

In a valuable review, Neurath & Schwert (97) have discussed the mode 
of action of the crystalline pancreatic proteolytic enzymes. In equation [7] 
and equation [22] of their paper, there is defined an equilibrium constant 
Km which is apparently without thermodynamic significance. If, however, 
the assumption is made that one of the rate constants, k3, is small in com- 
parison to k;, then K,, would be characteristic of a reaction between enzyme 
and substrate which is analogous to adsorption and, as such, would be of 
significance. 

Although they hardly fall within the scope of this report, the investiga- 
tions of Chance (98), having to do with the formation of enzyme-substrate 
complexes, are so significant that key references are given. The methods 
here developed will be applicable in the solution of certain problems in 
catalytic reactions involving macromolecules. 

Fractionation.—The general subject of the fractionation of the plasma 
proteins has been extensively reviewed by Edsall (99), and it will be neces- 
sary only to mention certain very recent reports. A new system of plasma 
fractionation has been described by Cohn et al. (100, 101) for which certain 
advantages over the earlier procedures are claimed. In general, a fractional 
extraction from a precipitate rather than a fractional precipitation from a 
solution is preferred because proteins are generally more stable in the solid 
state. Here, also, protein interactions are utilized to a greater extent than 
before in some of the separations. 

Alexander & Landwehr (102) have shown how prothrombin may be 
adsorbed from plasma on barium sulfate and then recovered by elution. 
The plasma must have first been rendered calcium-free by passage through 
an ion exchange resin. 

Protein separations by using the method of electrophoretic convection 
of Kirkwood have been already mentioned. It is an extremely powerful 
tool which obviates the necessity of sometimes repeated treatments of 
systems with chemicals which are known to be protein denaturants. The 
methods of fractionation which have been applied to blood plasmas can be 
adapted to use with countless other biological fluids and tissues. 

Size and shape-—Lundgren & Ward (103) have provided a review of 
the molecular size of proteins which brings this subject up to date. Listed 
in the master table are molecular weight data obtained by the several 
methods for more than 200 proteins. A good description of the methods 
themselves is also to be found in a review of Edsall (104). 


DETERGENTS 


The statement is made by McBain (105) that ‘‘the best known and most 
studied of the colloidal electrolytes are the soaps and synthetic detergents, 
followed by the dyes, which have received far less study by physical chemical 
methods.”’ There is no reason to doubt this statement, but we believe a 
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considerable body of information has not as yet been the subject of defini- 
tive description in the scientific journals. Here again, the detergent chemist 
has much to learn from the developments in high polymer science. The 
McBain chapter 17, entitled ‘Soaps and Other Colloidal Electrolytes,” 
provides a useful recent introduction to the subjects of micelle formation, 
the kinds of micelle which may be present, solubilization, detergency, etc. 
One has only to consult the pages of Chemical and Engineering News to 
realize the tremendous scale upon which the synthetic detergents are 
manufactured. 

There is still much discussion about the kinds of micelles present in the 
solutions of those substances. McBain has steadfastly maintained the neces- 
sity of assuming the existence of different kinds, sizes, shapes, and composi- 
tions of micelles in order to account for the manifold properties of these 
systems. Without going back to the papers of Hartley (106) on this subject, 
it must be said that this view is not immediately reconcilable with that 
described by Debye (1). In another way, perhaps, the question may be 
briefly stated: Under what conditions of concentration, etc., if any, do 
micelles form to give substantially monodisperse colloidal systems and 
when is the situation more complicated? There seems to be little exact 
information on this point in the literature. 

Harkins and associates (107 to 110), Klevens (111), and others have 
made recent contributions in attempts to describe the actual form or shape 
of the micelles. 

One reason for the importance of information about the structure of the 
soap and detergent micelles is the fact that they possess the property, 
known as solubilization, of incorporating in or upon themselves large quanti- 
ties of molecules which are otherwise insoluble in water. Harkins (112) 
and with him Klevens (113) believe that there are at least two loci of solu- 
bilization in soap micelles. One locus is, of course, the hydrocarbon central 
portion of the micelle. The recent x-ray studies of McBain et al. (114, 115) 
and Harkins and co-workers (116, 117) with soap solutions containing di- 
methyl phthalate or long chain alcohols seem best to be brought into account 
if the assumption is made of a second locus of solubilization with added 
dipole molecules being oriented with their polar groups toward the water 
layer and their hydrocarbon tails toward the center of the micelle. 

Klevens (118, 119, 120) and Kolthoff (121) have carried out a number of 
determinations of solubilization, providing among other things further evi- 
dence for the presence of these two loci, because (a) there is an enhancement 
of solubilizing power of a soap for a hydrocarbon when polar compounds 
such as long chain alcohols and amines are added to the system, and (0) the 
presence of added hydrocarbon increases the solubilization of a long chain 
alcohol by a soap. 

Solubilization is a property of considerable importance. It is involved in 
such widely different phenomena as emulsion polymerization, detergency, 
and the transport of materials such as the passage of dyes through mem- 
branes and perhaps the movement of fatty substances in the blood stream. 
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Another use of the detergent solution is as suspension medium for solid 
powders, involved in the suspension of carbon blacks, the formulation of 
paints and printing inks, the control of drilling muds, etc. Articles of interest 
in this connection are those of Vold & Konecny (122) and of Cardwell (123). 


Dyes 


During the past few years, Pauling and co-workers (124) have been con- 
ducting extensive quantitative investigations of the inhibition by haptens of 
the precipitation of antibody homologous to antigenic groups structurally 
similar to the haptens. Since these and the earlier experiments were carried 
out with whole antiserum, Karush (72) has pointed out that the binding of 
azo-hapten to the serum albumin may modify the quantitative significance 
of the inhibition constants. 

These studies of the antigen-antibody reaction have led to a more careful 
analysis of the nature of the haptenic dyes in solution. Pardee & Swingle 
(125) have carried out measurements on the degree of association of a num- 
ber of polyhaptenic simple substances and have found some of them to be 
probably associated several-fold in saline solution. By their very chemical 
nature, the dyes must form very complicated colloidal electrolyte systems, 
and much remains to be done in connection with a description of their 
molecular kinetic behavior. 


EXTRINSIC COLLOIDS 


In the review of this subject in Volume 1 of the Annual Review of Physical 
Chemistry, Weiser (126) gave prior consideration to topics in inorganic colloid 
chemistry. In spite of the fact that this year it has seemed advisable to shift 
the emphasis to the intrinsic, usually organic, colloids there are several areas 
in the inorganic field where basic changes either have just come about or are 
now in a state of flux. Illustrative of the former situation is the study of the 
stability of the lyophobic colloids. Furthermore, the more exact approach of 
Halsey, Hill, McMillan, Teller, and others seems certain to bring revolu- 
tionary changes in the Brunauer-Emmett-Teller adsorption theory (127) in 
the very near future. These, and the subjects of aerosols and gels, will be 
treated in a brief and more general way. 


STABILITY OF LyopHOBIC COLLOIDS 


The whole physical chemistry of the extrinsic colloids has entered into a 
new and more exact phase, due largely to the efforts of several Dutch chem- 
ists. In particular, Verwey & Overbeek (128) have placed the problem of the 
stability in these systems on a more rational physical basis by the introduc- 
tion of the concept of van der Waals-London dispersion forces together with 
modern theories of the diffuse electric double layer. It is a feature of this 
monograph that the authors have prepared an appendix to the subject in 
which they have courageously sorted out the good, bad, and indifferent ma- 
terial of the earlier literature of the subject. This is a valuable service be- 
cause this earlier literature is both confused and voluminous. 
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The new theory is based upon calculations of the potential curve of mean 
force between the colloidal particles. The rate of coagulation is shown to de- 
pend on this curve of potential of mean force by means of the classical 
Smoluchowski theory of coagulation. An important new fact which has been 
found is that the interaction of two colloidal particles due to the interpene- 
trations of their diffuse double layers always leads to a repulsive force be- 
tween them. The attractive force which must be present to balance this 
electrostatic repulsion is found in the van der Waals-London dispersion inter- 
actions. At the larger distances of separation of particles, the London theory 
is replaced by the quantum electrodynamic theory of Casimir to give the 
proper decrease of potential with distance. 

Several applications of the theory are discussed, both in the monograph 
and in a more recent general summary (129). The theory is shown to be use- 
ful as an aid in the understanding of the peptization, coagulation, and rheo- 
logical behaviors of suspensions and emulsions. It gives theoretical founda- 
tion to the Eilers-Korff equation (130) which has been recently used by 
Graham & Benning (131) in their study of the contribution of solvation to 
the stability of anthraquinone vat dye suspensions. 

In the Verwey-Overbeek treatments, the discussion is restricted to par- 
ticles of spherical or platelet form. In a mathematical article, Onsager (132) 
has treated the subject of the effect of shape on the stability of colloidal 
particles. 


BRUNAUER-EMMETT-TELLER THEORY 


A description of the situation with respect to the role of adsorption in 
colloid chemistry as of October 1948 is to be found in the record of a lecture 
by Taylor (133). Undoubtedly, the most widely employed theory in adsorp- 
tion is that of Brunauer, Emmett & Teller (127). They generalized the 
Langmuir treatment of monomolecular adsorption by considering the possi- 
bility of multilayers. Their theory, which involved the use of certain simpli- 
fying and even unsatisfactory assumptions in its development, has been 
extremely useful as a basis of classification of the several types of adsorption 
found experimentally and under certain conditions as a means of determina- 
tion of the surface area of adsorbent powders. 

However, for the sigmoid-shaped adsorption isotherms which are gen- 
erally characteristic of multilayer adsorption on nonporous solids, the theory 
predicts an adsorption which is too small at low pressures and too great in 
the multilayer region at pressures approaching saturation. The discrepancy 
at low pressures is now generally believed to be due to the inhomogeneity of 
the adsorbing surface (134, 135, 136). 

The more recent studies have been directed to an attempt to clarify the 
situation in the multilayer region, where two assumptions of the B-E-T 
theory have led to compensatory errors. The first of these assumptions as- 
signs the energy of liquefaction as being the energy of adsorption of all but 
the first layer of adsorbed molecules. Halsey (137) and Hill (138) show that 
the extension of the attractive forces from the adsorbent into layers higher 
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than the first must lead to energies of adsorption which are greater than the 
energy of liquefaction in these layers. However, this cannot represent the 
sole difficulty, because if it were the only change made in the B-E-T assump 
tions, the resulting theory would predict in the multilayer region an adsorp- 
tion exceeding that of the original theory, which itself already exceeds the 
experimental values. 

The explanation of this circumstance is found in the fact that there is still 
another assumption of the B-E-T theory which requires correction. It is not 
possible to neglect the surface energy of the adsorbate, as was originally 
believed, and McMillan & Teller (139) have attempted a quantitative 
evaluation of the effect of the inclusion of a finite surface energy in the 
theory. A qualitative interpretation of the detailed mathematical treatment 
of the role of surface tension in gas adsorption has been given by these in- 
vestigators, and the definitive account of the calculations is scheduled for 
early appearance in the Journal of Chemical Physics. 

The theory of surface tension for plane and curved surfaces is now being 
actively studied, perhaps also because of its probable importance in connec- 
tion with nucleation of condensation and evaporation (140 to 144). 

DeBoer (145) has presented a very fine account of atomic forces and ad- 
sorption. The method of attack is to begin with the statement that there are 
no special adsorption forces; they are all the various molecular or atomic 
forces known to us from the study of the usual physical or chemical phe- 
nomena which came into operation to produce adsorption when the mutual 
arrangement of the participating molecules requires it. 


AEROSOLS 


Three types of aerosols, dispersions of finely divided solids and liquids in 
gases, are to be distinguished; the dusts and smokes in which the suspended 
particles are nonvolatile, and the fogs in which the particles are volatile. 
Smokes are usually formed as part of a chemical reaction such as combustion, 
while a dust results from the dispersion of solid material. Fogs and clouds, 
however, are formed by a condensation process in which dust particles or 
free ions may act as nuclei for the droplet formation. The classical treatise on 
the subject of nucleation is still the well-known monograph of Volmer (146), 
but LaMer & Dinegar (147) have given additional information both as to the 
theory of nucleation and to the theory of growth in their report on the forma- 
tion of monodispersed sulfur hydrosols. 

Aerosols came into prominence during the years of World War II, and 
very substantial progress was made in their scientific study and practical 
use, and in their relationship to public health. In studies of the production of 
ice crystals in a cloud of supercooled water droplets, Schaefer (148) and 
Langmuir found that small fragments of solid carbon dioxide, when scattered 
into supercooled clouds, produced ice crystals. Also, they studied the réle 
that certain types of dust particles play in serving as sublimation nuclei. 
Silver iodide particles have been found to serve well as nuclei for the forma- 
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tion of ice crystals, apparently because they resemble ice in crystal struc- 
ture (149, 150). 

LaMer and associates have made important contributions to several 
problems connected with aerosols. For spherical transparent droplets, Sin- 
clair & LaMer (151, 152) have used light scattering as a means of measure- 
ment of particle size. Four types of study were carried out: (a) observation 
of the transmitted light as a function of wave length; (b) the intensity of 
scattered light at a given wave length; (c) the color of the scattered light; 
and (d) the polarization of the scattered light at a given wave length. 

LaMer & Hochberg (153) have considered in detailed fashion the laws of 
deposition and the effectiveness of insecticidal aerosols. The deposition is an 
inverse exponential function of the distance from the source, with turbulence, 
particle size, wind velocity, and other factors involved in the proportionality 
constant. The dispersion and deposition of aerosols also has been the subject 
of important researches by Johnstone, Winsche & Smith (154). These in- 
vestigators used available theoretical work on the diffusion of gases in the 
lower atmosphere and on the efficiency of deposition of particles by impac- 
tion in a study of the dispersion of insecticides. 

Electronic methods of counting suspended particles due to Gucker & 
O’Konski (155) have proven their usefulness in determinations of the con- 
centration of dilute bacterial aerosols by Ferry, Farr & Hartman (156). 

Reference has been already made to theoretical studies of surface tension 
in their relation to nucleation (140 to 144). 


GELS 


Although the gels are systems of such complexity that even a classifica- 
tion is difficult, there have been a number of courageous attempts to obtain 
a better general insight into the physical-chemical background of the many 
and varied phenomena involved in their composition and structure. By 
definition, a gel is a colloidal system of solid character, in which the particles 
forming a coherent structure are interpenetrated by a liquid system. The 
relative amount of liquid may vary from almost zero to nearly 100 per cent. 
Certain substances, such as dry gelatin, Cellophane, polystyrene, rubber, 
cellulose fibers, starch, and leather, all of them important articles of com- 
merce, possess the ability of sorption and swelling, and are described as 
xerogels. 

Again, it is believed that the best classification of these systems depends 
upon the fact that the gels may be macromolecular or nonmacromolecular in 
character. Gels of either type may be formed from solution, but only the 
macromolecular gels are produced by swelling or imbibition. 

Indicative of the renewed interest in gels are several recent summaries of 
progress by Hermans (157), Ferry (158), and Flory (159), and the proceedings 
of a Faraday Society meeting (160). 

In a series of extremely interesting studies of flow properties, Ferry and 
associates (161 to 164) have demonstrated that for rapid changes of the 
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shearing tension; solutions of macromolecular substances may show a 
modulus of rigidity much as does a solid gel and a mathematical analysis of 
such elastic deformations has been presented. 

Flory (165, 166) and Stockmayer (167) have made advances in an exact 
treatment of three-dimensional networks, proving that polyfunctionality of 
the reacting monomer units leads to a distribution of sizes which is much 
broader than that found in systems containing linear macromolecules. It 
turns out in these cases that the larger the molecule, the better chance it has 
to grow. The ultimate effect of this trend toward unequal distribution is 
apparent in the mathematical formula for the weight average degree of poly- 
merization which, after the reaction has proceeded to a certain degree, 
acquires a critical value. This critical value is associated with the setting of 
the system to solid form, and is termed the gel-point. 

In addition to the gels which have been formed by either immobilization 
of solvent by adsorption on the solute or the formation of a three-dimen- 
sional network of solute, there is a unique form due to the operation of long- 
range forces between solute particles. Thus, in the tobacco mosaic virus 
protein system, the apparent crystallinity is due to a hexagonal network, 
made up of individual protein molecules held in regular spacing (168 to 171). 


Obviously, there are a number of other topics to which attention might 
have been given—emulsions, foams, contact catalysis, and surface chemistry, 
to mention a few of them. We have elected to stress the molecular kinetic 
methods and properties because of our conviction that they are of basic 
importance as one seeks to understand the distinctive physical character- 
istics of colloidal solutions and dispersions. Contrary to certain notions, 
many of these properties may be described in terms of the laws of the “‘true”’ 
solutions and so may be said to have been taken more intimately into the 
domain of physical chemistry. 


In the preparation of this summary, the author has had valuable assist- 
ance from Mrs. Winifred Saunders and Mr. Robert Bock. Neither is in any 
way responsible for omissions or errors which may have been committed. 
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Carbon tetrachloride 
acetyl peroxide decomposi- 
tion and, 261-62 
-benzoyl peroxide decompo- 
sition in, 263 
bromine system, liquid- 
vapor equilibrium data 
and, 58 
molecular structure of, 
microwave spectroscopy 
and, 218 
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neopentane system, molecu- 
lar parameters of, 54 
perfluoromethylcyclohexane 
system, critical tem- 
perature and, 29 
Carbonyl selenide, dipole 
moment determination, 
microwave spectroscopy 
and, 162 
Carbonyl sulfide, dipole 
moment determination, 
microwave spectroscopy 
and, 162 
Carboxypeptidase, irradiation 
of, 117 
Carotenoids, photosynthesis 
and, 374 
quantum yield and, 375-76 
Catalysis 
acidic and basic, 271-74 
mechanism of, 271-72 
adsorption and, 287-91 
and alcohol sulfation, 274 
by alloys, 295-96 
contact, 287-303 
cracking and, 300-2 
and diazotization, in ni- 
trous acid solution, 274 
film orientation on, 293 
Fischer-Tropsch synthesis 
and, 299-300 
reaction rate of, 300 
heterogeneity on, 291 
hydrogenation mechanisms 
and, 298-99 
ionization theory of, 294-95 
kinetics of, 291-92 
magnetism and, 292-93 
and nitration, aromatic, 
273-74 
oxidation and, 302-3 
polarization on, 297 
pore size and distribution 
on, 292 
pre-carbiding and, 300 
pseudo acid dissociation 
and, 272-73 
radioactivity and, 300 
semiconductors and, 297 
solid state and, physics of, 
294-98 
spatial factors on, 293 
types of, 297-98 
valence induction and, 293 
see also Adsorption; and 
Surfaces 
Cellulose, esterification of, 
with p-toluenesulfonyl 
chloride, 277 
Cellulose acetate, acetone - 
chloroform system, 
phase diagram of, 399 
Cellulose octaacetate, alka- 
line hydrolysis of, 276 
Cerium 
phases of, contraction and, 
246 


water photo-oxidation and, 
358 


Chlorex, heat of mixing of, 
Chlorine 
aliphatic, tertiary, hydroly- 
sis of, 274-75 
cation, chlorination and, 
273 
isotopes of 
mass determination of, 
164 
separation of, by electro- 
lytic migration, 76 
manganese ion photochemi- 
cal reaction with, 358 
metallic compounds, energy 
formation of, 14 
nuclear spin determination, 
162-63 
in perfluoro-n-heptane, 
solubility of, 59-60 
Chlorine dioxide, molecular 
structure of, 225 
Chlorine monoxide, molecu- 
lar structure of, 225 
Chloroacetylene, hyperfine 
structure of, conjuga- 
tion on, 159 
p-Chloroaniline, dissocia- 
tion constant of, 46 
1-Chloro-2,4-dinitrobenzene, 
amine reactions with, 
276 
bis-8-Chloroethy] ether, 
hydrolysis of, 280 
Chloroform 
acetone system, heat of 
mixing of, 53 
acetone -cellulose acetate 
system, phase diagram 
of, 399 
1-Chloro-4-iodobenzene, 
ethane system, critical 
temperature and, 29 
Chloroparaffins, oxidation 
kinetics of, 258 
Chlorophyll 
energy transfer and, 378-79 
excitation level on, 379 
fluorescence of, 144 
quinone on, 370 
photocatalysis by, hydrogen 
transfer and, 376-77 
photosynthesis and, 374 
quantum yield and, 375, 
376 
photosynthetic unit and, 378 
reduction of, ascorbic acid 
and, 377 
Chloroplasts 
activity of, 365 
Hill reaction and, 365-66 
instability of, 365 
variability of, 365 
2-Chloropropane, pyrolysis 
of, 267 
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Chlorosilane, molecular 
structure of, 223 
Chlorotrifluoroethylene, 
solid polymer, solubil- 
ity of, 27 
Chromatography, ion- 
exchange, 331-33 
columns, 331 
constant distribution co- 
efficient of, 331 
development of, 331-32 
fractionating efficiency of, 
332 
rate dependent, 331-32 
plate theory and, 332 
separations by, 333-36 
of actinides, 334 
of alkali metal cations, 
335 
of alkaline earths, 335 
biochemical, 336 
of columbium, protactin- 
ium, and tantalum, 335 
of hafnium and zirconium, 
334-35 
of halides, 336 
of rare earths, 333 
of transition elements, 
335-36 
simplification of, 332 
swelling on, 333 
temperature on, 332 
Chromium 
iron alloy, phase diagram 
of, 203 
solid, vapor pressure 
determination and, 23 
Chromium oxide, catalysis 


’ 
oxidation and, 302 
Chymotrypsin, dimerization 
of, 413 
Coal tar components, solu- 
bility of, 32 
Cobalt 
aluminum alloy 
Brillouin zone of, 213-14 
monoclinic, structure of, 
245 
monoclinic, valence and, 
245-46 
aluminum -iron-nickel alloy, 
electron concentration 
of, 212 
iron alloy, magnetic mo- 
ments of, 237 
Cobaltic fluoride, thermo- 
dynamic properties of, 
11 


Cobaltous fluoride, thermo- 
dynamic properties of, 
11 

Cobaltous oxide, structure 
of, temperature on, 238 

Colloids 

aerosols, 418-19 
concentration of, 419 
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deposition and, 419 
light scattering measure- 
ments and, 419 
types of, 418 
Brunauer-Emmett-Teller 
theory and, 417-18 
adsorption isotherms and, 
417 
energy of liquefaction and, 
417-18 
surface energy and, 418 
chemistry of, 403-20 
detergents, 414-16 
dyes, 416 
electrolytic, properties of, 
404 
electron microscopy and, 
403 
extrinsic, 416-20 
gels, 419-20 
macromolecularity and, 
419-20 
rigidity of, 420 
intrinsic, 404-16 
lyophobic 
potential of mean force 
and, 417 
shape of, 417 
stability of, 416-17 
macromolecular, 403 
molecular kinetic methods 
and, 404 
proteins, 404-14 
stability of, thermody - 
namic, 403 
see also Proteins 
Columbium, chromatograph- 
ic separation of, 335 
Combustion, heat of, 9-10 
Compressibility, of gases, 
equation of state and, 63 
Conductance 
conductivity cell deter - 
mination technique, 46 
dissociation constants 
and, 46 
electrolytic, 45-46 
second Wien effect and, 46 
Copper 
fission of, 88-89 
irradiation products of, 87 
isotopes, separation of, 76 
metallic, gaseous hydrogen 
chloride and, 10 
nickel alloy, catalysis by, 
295 


nitrogen adsorption on, 288 
polymorphism of, 199, 200 
zinc alloy 
electron concentration of, 
208 
structure of, 206-7, 208 
Copper oxide, cuprous-cupric 
oxide system, conduc - 
tivity of, 303 
Cracking, catalytic, 300-2 
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carbonium ions and, 
301-2 

distribution products of, 
302 


hydrogen-ion exchange 
and, 302 
reaction rate of, 301 
surface of, 301 
Crystallography 
band theory and, 187-216 
electronic structure and, 
199-214 
experimental, 235-50 
Heitler-London method 
and, 187 
neutron diffraction and, 
235-42 
phenomena of, 187 
Sommerfeld free electron 
theory of, 187-91 
density of states and, 
190-91 
occupied free electron 
states and, 189-90 
potential energy curve 
of, 187-88 
thermal excitation and, 
191 
wave function of, 188-89 
work function and, 190 
see also Band theory; 
Molecular structure; 
Neutron diffraction; and 
X-ray crystallography 
Curium, chromatographic 
separation of, 334 
Cyanide, on photosynthesis, 
372 


Cyanine dyes 
absorption maximum of, 125 
energy level calculations, 
one-dimensional box 
method, 135 
extreme and intermediate 
structures of, energy 
difference between, 126, 
128-29 
light absorption and, 122 
resonance and, 122 
structure of, 122 
unsymmetrical, wave length 
maximum and, 129 
Cyanogen, linear structure 
of, 225 
Cyanogen chloride, hyperfine 
structure of, conjugation 
on, 159 
Cyclobutane, molecular 
structure of, 222 
Cyclohexadiene, energy level 
calculations and, 137 
Cyclohexane 
benzene system, 29 
entropy of mixing of, 54 
cyclohexyl hydroperoxide 
decomposition in, 262 
ethylene chlorohydrin 
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system, 29 
n-hexane system 
entropy of mixing of, 
55-56 
thermodynamic properties 
of, 5 
iodine solubility in, 26 
isomers, molecular struc - 
ture of, 226 
methylcyclohexane system, 
entropy of fusion of, 60 
nitrobenzene system, ad- 
sorption of, 62 
polystyrene in 
critical temperature of, 
398 
precipitation temperature 
of, 398 
Cyclohexanedicarboxylic 
acid isomers, acid cata- 
lyzed esterification of, 
277-78 
Cyclohexene, hydrogenation, 
nickel catalysis of, 291 
Cyclohexyl hydroperoxide, 
decomposition of, 262 
Cyclooctatetraene 
molecular structure of, 226 
thermodynamic properties 
of, 10 
Cyclopentadiene, energy 
level calculations, 137 
Cyclopentane 
deuterated, molecular 
structure of, 227 
mercury photodecompo- 
sition of, 350 
Cyclopropane 
bond angles of, 181 
methyl radicals on, 344 
thermodynamic properties 
of, 11 


D 


Decaborane, molecular 
structure of, 228-29 
Decafluorocyclopentane, 
molecular structure of, 
222-23 
Decahydronaphthalene sys- 
tems, freezing points 
of, 60 
Decane 
heptane -octane system, 
eutectics of, 32 
heptane -octane -hexane - 
nonane system, equations 
for, 33-34 
mercury photodecomposi- 
tion of, 350-51 
n-Decane systems, entropies 
of mixing of, 55 
Detergents, 414-16 
micelles of, 415 
solid powder suspensions 
of, 416 
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solubilization and 
loci of, 415 
phenomena of, 415 
Deuterium 
adsorption, hydrogen and, 
294 


on chemical equilibria, 71 
compounds, molecular 
fragmentation by elec- 
tron impact and, 70 
in hydrogen, mass spectro- 
metric analysis of, 68 
natural abundance of, 70 
potassium salt solubility 
in, 25 
separation of 
chemical exchange on, 
75-76 
distillation and, 76 
see also Hydrogen; and 
Tritium 
Deuterium oxide, polymeri- 
zation in, 106 
Diacety! peroxide, decompo- 
sition of, 262 
Diarylethane 
catalytic cracking of, 301 
catalytic decomposition of, 
292 
Diazomalonic acid salts, 
hydrolysis of, 276 
Dibenzoylmethane 
chelated 
emission from, 144 
polarized spectrum of, 
142 
polarized fluorescence of, 
144-45 
Diborane, vapor pressure 
of, 2 
1,2-Dibromoethane isomer, 
molecular structure of, 
227 
Di-n-butyl ether, dimethyl- 
phenylmethy! hydroper - 
oxide decomposition in, 
261 
Di-n-butyl peroxide 
t-butyl hydroperoxide de- 
composition and, 260 
decomposition of 
photosensitized, 355 
products of, 260 
reaction steps of, 260 
in solution, 260 
vapor phase, 260-61 
vinyl acetate photopolymer - 
ization and, 353 
Dibutylphthalate, chlorotri- 
fluoroethylene solubil- 
ity in, 27 
Dibutylsebacate, chlorotri- 
fluoroethylene solubil- 
ity in, 27 
Dichlorodiphenyltrichloro- 
ethane, vapor pressure 
of, 22 


1,2-Dichloroethane isomers, 
system of, 60 
1,2-Dichloropropane, pyroly- 
sis of, 267 
Dicinnamyl, polarized spec - 
trum of, 142 
Dielectric constants, meas- 
urement of, 63 
a -Diethylaminoisobutyroni- 
trile, decomposition, 
kinetics of, 281 
Diethyl ether, lauroyl per- 
oxide decomposition in, 
261 
Diethyl phosphite, catalytic 
hydrolysis of, 271 
Diffusion, 44-45 
coefficient of 
conductometric deter - 
mination method, 44-45 
diaphragm cell deter - 
mination technique, 45 
Gouy interference method 


for, 44 
of radioactive elements, 
45 


dilute solutions and, 40-43 
electrophoresis and, 41 
ionic atmosphere and, 

40-41 
relaxation time effect 

and, 41 

Fick's first law and, 38-39 

Gibb's chemical potential 
and, 39 

multicomponent, Fick's 
first law and, 39-40 

of proteins, 406-7 

single salt, 41-42 
mobility term of, 41-42 

theory of, 38-40 

trace-ion, 42-43 
diffusion coefficient 

limiting law for, 43 
factors of, 42 
see also Thermal diffusion 
Difluoroethylene, molecular 
structure of, 221-22 
microwave spectroscopy 
and, 218 
Diisopropy! fluorophosphate, 
hydrolysis, catalysis of, 
271 


Diisopropyl perosydicarbon- 
ate, decomposition of, 
263 
Dimesityl, steric hindrance 
of, on absorption, 
132-33 
Dimethylberyllium 
and beryllium chloride, 
isomorphism of, 248 
structure of, 247 
2,2-Dimethylbutane, iodine 
solubility in, 26 
Dimethyl] -disulfide, vapor 
pressure, 2 











Dimethyl ether, methy! radi- 
cals on, 344 
Dimethyl mercury 
and ethylene oxide, vapor 
phase photodecomposi- 
tion of, 347 
photodecomposition of, 346 
2,4-Dimethylpentane, nega- 
tive azeotropy of, 57 
Dimethylphenylmethy! hydro- 
peroxide, decomposition 
of 
ferrous iron and, 264 
in organic solvents, 261 
in styrene, 262 ; 
o-Dinitrobenzene, Hill 
reaction oxidation and, 
366 
Dinitrophenol, Hill reaction 
inhibition and, 369 
p-Dioxane, molecular struc- 
ture of, 227 
Diphenyl, enerty level cal- 
culations, 138 
Diphenyldiazomethane 
ethyl alcohol reaction with, 
catalysis and, 274 
trifluoromethy! benzoic 
acid reaction with, ve- 
locity constants of, 277 
Diphenyl ether 
hydrochloric acid solubility 
in, 26 
vapor pressure determina- 
tion of, 23, 61 
Diphenylmethane, heat of 
combustion of, 10 
Dissociation 
constant, of weak bases, 
47-48 
energy of, 12-13 
Divinylbenzene 
polystyrene copolymer 
exchange capacities of, 
318-19 
hydration of, 320-21 
porosity and, 318 
styrene copolymer 
exchange groups and, 315 
maleic anhydride and, 
316-17 
preparation of, 312-14 
structure of, 314 
Dodecafluorocyclohexane, 
molecular structure of, 
222-23 
Dodecylcyclohexane, vapor 
pressure of, 22 
Dotriacontane, cis-decahy - 
dronaphthalene system, 
freezing point of, 60 
n-Dotriacontane, n-decane 
system, entropy of 
mixing of, 55 
Dyes, colloidal, 416 
see also Absorption, light 
Dysprosium, alpha activity 
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of, 91 
E 


Electrolytic solutions, 37-48 
conductance of, 45-46 
and diffusion, theory of, 
38-40 
dissociation of, electric 
fields on, 46 
and gases, solubility of, 6 
moving boundary systems, 
46-47 
nonaqueous, 7 
simultaneous irreversible 
processes, 37-38 
dissipation functions and, 
38 
force gradients of, 37 
fundamentals of, 43 
standard cell potentials 
and, 47 
thermodynamic properties 
and, 47-48 
see also Nonelectrolytic 
solutions; and Solutions 
Electrophoresis 
dilute solution diffusion 
and, 41 
of proteins, 408-9 
Entropy 
of gas adsorption, 288 
of inorganic elements, 14 
of mixing 
of high polymers, 383-401 
of nonelectrolytic solu- 
tions, 52 
Enzymes, proteolytic, 414 
Equilibria 
of binary systems, 23-30 
of high polymers, 397-99 
prediction of, 30 
of multicomponent systems, 
32-34 
graphic representation of, 
32-33 
of high polymers, 399-400 
of one-component systems, 
21-23 
phase diagrams and, 21-34 
of ternary systems, 30-32 
volatile systems and, 25 
experimental methods for, 
27-29 
Esters 
amine reactions with, ki- 
netics of, 277 
halogenation of, catalysis 
and, 272 
Ethane 
1-chloro-4-iodobenzene 
system, critical temper - 
ature of, 29 
decomposition of, sodium 
on, 352 
rotational barrier of, 13 
solubility of 
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in liquid nitrogen, 56-57 
in liquid oxygen, 26, 56-57 
in water, 26 
virial coefficients of, 2 
Ethyl acetate, alkaline hydrol- 
ysis of, dielectric con- 
stant change and, 276 
a -Ethylacetoacetic ester, 
dissociation rate of, 
catalysis and, 272 
Ethyl alcohol 
diphenyldiazomethane 
reaction with, catalysis 
and, 274 
iodine solubility in, 26 
isotope effect of, reaction 
completion and, 73 
potassium nitrate-water 
system, volatility and, 
31 
radioactive, catalysis and, 
299-300 
sodium sulfate-water sys- 
tem, solubility in, 31 
Ethylbenzene, pyrolysis of, 
265 


toluene vapor on, 265-66 
Ethyl benzoate, alkaline 
hydrolysis of, isotope 
effect of, 73 
Ethyl chloride, decomposi- 
tion, catalytic, 292 
Ethylene 
absorption band of, 144 
energy level calculations, 
valence bond method, 
139 
hydrogenation, nickel catal- 
ysis and, 291, 298-99 
ketene vapor photodecompo- 
sition and, 356 
solubility of, in liquid 
oxygen, 26, 56-57 
vibration frequency of, 138 
virial coefficients of, 2 
Ethylene chlorohydrin, 
cyclohexane system, 29 
Ethylene glycol, sodium 
sulfate-water system, 
liquid phases of, 31 
Ethylene oxide 
acetaldehyde system, 28 
bond angles of, 181 
and dimethyl mercury, 
vapor phase photodecom- 
position of, 347 
methyl radicals on, 344 
vapor phase photodecompo- 
sition of, 347 
water system, 28 
Ethyl ether, iodine solubil- 
ity in, 26 
Ethylphenylacetate, ethyl-a- 
phenylbutyrate system, 
Raoult's law and, 28 
Ethyl-a -phenylbutyrate, 
ethylphenylacetate 
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system, Raoult's law and, 


28 

Ethylphenyl ether, hydro- 
chloric acid solubility 
in, 26 

Ethyl silicate, hydrolysis 
of, 276 

Europium, water photo- 
reduction and, 353-59 


F 


Ferric oxalate, Hill reaction 
and 
oxidation and, 366 
quantum requirements of, 
368 


Ferric oxide 
aluminum oxide -calcium 
oxide -silica-sodium 
oxide system, phases 
of, 33 
calcium oxide-ferrous 
oxide system, oxygen 
activity of, 30 
ferrous oxide-silica sys- 
tem, 30 
Ferricyanide, Hill reaction 
and 
oxidation and, 366 
quantum requirements of, 
368 


Ferrous oxide 
calcium oxide-ferric oxide 
system, oxygen activ- 
ity of, 30 
ferric oxide-silica system, 
30 
structure of 
magnetic, 238 
temperature on, 238 
Fischer-Tropsch synthesis, 
299-300 
Fission, nuclear, see 
Nuclear theory; and 
Radioactivity 
Fluorine 
dissociation energy of, 13 
inorganic compounds, 
molecular structure 
of, 220-21 
Fluorine chloride, nuclear 
mass determination of, 
164 
Fluorine oxide, molecular 
structure of, 220-21 
Fluorobenzene, fluores- 
cence of, 143 
Fluorocarbons 
molecular structure of, 
221-23 
nonelectrolytic solutions 
of, 55-57 
thermodynamic properties 
of, 5-6 
Fluoromethane, molecular 
structure of, 222 
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Formaldehyde, amide 
reactions with, 281 
Formamide, liquid, thermal 

decomposition of, 281 
Formic acid, dehydrogena- 
tion, nickel-copper 

catalysis of, 295 

Francium, isotopes, thorium 
spallation products and, 
87 

Fucoxanthol, photosynthesis 
and, 375 

quantum yield and, 376 

Fulvalene, energy level 
calculations, 137 

Fumaric acid, oxidation, 
osmium tetroxide and, 
259 

Furfural, water system, 
solubility of, 27-28 


G 


Gadolinium, alpha activity 
of, 91 
Gamma-rays, polymeri- 
zation by, 105 
Gases 
compressibility of, 1-2 
equation of state and, 63 
liquified, solids in, solu- 
bility of, 24-25 
solubility of, in liquids, 
59-60 
thermodynamic properties 
of, 1-2 
virial coefficients of, 1 
Germanium, isotopes of, 70 
Globulin, protein, dimeri- 
zation of, 413 
Glucose, mutarotation of, in 
aqueous solution, 272 
Glucose pentaacetate, alka- 
line hydrolysis of, 276 
Glycine 
deamination of 
by nitrous acid, 281 
by x-rays, 117 
diffusion coefficient of, 44 
molal compressibilities 
of, 48 
Glycolamide, molal com- 
pressibilities of, 48 
Glycylglycine, molecular 
structure of, 228 
Gold 
alpha activity of, 91 
palladium alloys, para- 
hydrogen conversion 
for, 296 
tin alloys, liquid, 61 


H 
Hafnium, chromatographic 


separation of, 334-35 
Halides 


alkali 
conductances of, 45-46 
heats of formation of, 
7, 63 
alkyl, tertiary, phenol 
alkylation with, 278 
aluminum, energies of 
formation of, 10 
butyl, tertiary, rotation 
of, 230 
chromatographic sepa- 
ration of, 336 
heat of dilution of, 6 
heat of hydrolysis of, 12 
methyl, interatomic dis- 
tances of, 155 
thermodynamic properties 
of, 4 
Halogens 
complexes with aromatic 
hydrocarbons, equilib- 
rium constants of, 58 
hydrolysis of, 275-76 
radioactive, photolyzed 
radical identification 
and, 358 
Haptenic dyes, solutions 
of, 416 
Heat 
o1 adsorption, surface 
covered and, 289 
capacity 
of gases, 12 
high temperatures and, 9 
of inorganic elements, 14 
of combustion, 9-10 
of formation, of alkali 
halides, 63 
of mixing 
of binary alkanes, 55 
of high polymers, 383-401 
of polymerization, 9 
of reaction 
determination methods 
of, 12 
of inorganic compounds, 
10-11 
of organic compounds, 
11-12 
Helium 
isotope of mass, 3 
diagram of state of, 3 
separation of, 78 
vapor pressure of, 22 
isotopes 
differences in, 78 
A-temperatures of, 3 
ratio of, 70 
separation of, by 
thermal diffusion, 74 
solutions of, 2-3 
superfluidity of, 3, 78 
tritium decay and, 83-84 
two-fluid theory and, 3 
liquid -solid transition of, 
3-4 
low temperature adsorption 











of, A-phenomenon and, 8 
thermodynamic properties 
ot, 2-4, 14 
virial coefficient of, 1, 2 
Heptalene, energy level cal- 
culations, 137 
Heptane 
decane -octane system, eu- 
tectics of, 32 
decane -octane -hexane -no- 
nane system, equations 
for, 33-34 
methylethylketone -toluene 
system, thermodynamic 
consistency of, 32 
n-Heptane 
n-hexadecane system, en- 
tropy of mixing of, 55 
nonelectrolytes in, solubil- 
ity of, 6 
perfluoro-n-heptane -2,2,4- 
trimethylpentane system, 
solubility parameters of, 
56 
Hexachlorodisiloxane, molec - 
ular structure of, 224 
Hexachloroethane, heats of 
transition of, 12 
Hexachlorosilane, molecular 
structure of, internal 
rotation and, 223 
Hexadecane, vapor pressure 
of, 2, 22 
n-Hexadecane, hydrocarbon 
systems, entropy of mix- 
ing of, 55 
Hexadecene, tetradecane sys- 
tem, Raoult's law and, 
28-29 
Hexafluoropropene, molecu- 
lar structure of, 222 
Hexamethylbenzene, 7 elec - 
tron transitions of, 141 
Hexamethylcyclotrisiloxane, 
molecular structure of, 
224 
Hexamethyldisiloxane, mo- 
lecular structure of, 224 
Hexamethylethane, transition 
points of, 21 
Hexane 
decane -heptane -nonane oc - 
tane system, equations 
for, 33-34 
dehydrogenation of, catalyt- 
ic, 297 
iodine solutions in, irradi- 
ated, iodine atom life- 
time in, 357 
iodoacetic acid photodecom - 
position in, dissolved 
oxygen on, 357 
n-Hexane 
cyclohexane system 
entropy of mixing of, 55- 
56 
thermodynamic properties 
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of, 5 
n-hexadecane system, en- 
tropy of mixing of, 55 
n-Hexanol, aluminum nitrate - 
water system, water ac- 
tivity in, 31 
Hill reaction, 364-70 
carbon dioxide reduction 
and, 364-65, 366-68 
mechanixms of, 367 
carboxylation and, 368 
chloroplast preparations 
and, 365-66 
concentration ratio of, 367- 


dismutation of energy and, 


high energy phosphates 
and, 368 
inhibition of, 369 
hydrocyanic acid and, 369 
hydroxyiamine and, 369 
rate limiting enzyme and, 
369 
ultraviolet light and, 369 
kinetics of, 364 
oxidants of, 366 
potential of, 366 
pyruvic acid, 367 
quinone, 370 
oxygen liberation by, 364 
quantum requirements of, 
368 


reaction rate of, maximum, 
369 
reductants of, triphospho- 
pyridine nucleotide, 366- 
68 
in whole cells, 369-70 
Hollandite, structure of, 249 
Hydrazine 
formation of, in ammonia 
photodecomposition, 352 
pyrolysis of, 266 
Hydrazobenzene, rearrange - 
ment rate, in hydrochlo- 
ric acid solutions, 278 
Hydrazoic acid, molecular 
structure of, 224 
Hydrobromic acid 
diffusion coefficient of, 45 
in hydrocarbons, solubility 
of, 60 
velocity constant for, 271 
Hydrocarbons 
aliphatic, sulfur dioxide re- 
actions with, 355 
aromatic 
complexes with halogens, 
equilibrium constant of, 
58-59 
iodine solutions, ultravio- 
let absorption peak of, 
58 
one-dimensional box ener - 
gy level calculations, 
135 
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valence bond energy level 
calculations, 140 
binary 
solid-liquid phase dia- 
grams of, 24 
systems of, 29 
combination of, hydrogen 
atom initiation of, 268 
entropy of mixing of, 55 
molecular symmetry on, 
55 
Fischer-Tropsch synthesis 
of, 299-300 
gaseous, solubility in water, 
26 


hydrobromic acid in, solu- 
bility of, 60 
mass spectra of, 103-4 
methane incorporation in, 
300 
nonelectrolytic solutions 
of, 55-57 
oxidation of 
hydrogen bromide on, 258- 
59 
organic peroxide interme- 
diates and, 259 
paraffin 
methyl radical reaction 
with, 268 
vapor pressure determi- 
nation of, 23 
solubility of, in liquid gases, 
56-57 
thermodynamic properties 
of, 5-6, 10 
Hydrochloric acid 
conductance of, 45-46 
diffusion coefficient of, 45 
gaseous, metallic copper 
and, 10 
hydrazobenzene rearrange - 
ment in, 278-79 
solubility of, in ethers, 26 
velocity constant for, 271 
Hydrocyanic acid, Hill reac- 
tion inhibition and, 369 
Hydrogen 
adsorption of 
deuterium and, 294 
on metals, 289-90 
ortho-para conversion 
and, 290 
solution effect and, 290 
atomic 
hydrocarbon combination 
and, 268 
oletin interaction with, 
268 


butene mixtures, mercury 
photosensitized reac - 
tion of, 349-50 
hydrogen peroxide reac- 
tion with, 268 
ion exchange 
catalysis and, 303 
catalytic cracking and, 
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302 
isotopes of 
mass spectrometric anal- 
ysis of, 68 
separation of, by chemi- 
cal exchange, 75-76 
separation of, by distilla- 
tion, 76 
mercury photodecomposi- 
tion of, 348-49 
methy! chloride mixture, 
mercury photosensi- 
tized reaction of, 351- 
52 
olefin mixtures, mercury 
photosensitization of, 
350 
oxidation by, on equivalent 
redox potential of water, 
112 
thermodynamic properties 
of, 14 
vapor pressure of, 1 
see also Deuterium; and 
Tritium 
Hydrogenation 
of acetone, catalytic 299 
of acetylene, catalytic 298- 
99 
of benzene, catalytic, 293, 
299 
and catalysis, mechanisms 
of, 298-99 
of cyclohexene, nickel ca- 
talysis of, 291 
of ethylene, nickel cataly- 
sis and, 291, 298-99 
of nitrobenzene, catalytic, 
296 
styrene, catalytic, 295 
Hydrogen bromide, on hydro- 
carbon oxidation, 258- 
59 
Hydrogen fluoride, molecu- 
lar structure of, 221 
Hydrogen peroxide 
aqueous 
dielectric constant of, 63 
solid solutions and, 25 
decomposition of 
manganese oxide cataly- 
sis of, 293 
nickel-copper catalysis of, 
295 


polarization on, 297 
hydrogen reaction with, 
268 
on irradiated biological 
solutes, 114-15 
effectiveness of, 115 
reduction by, 113-14 
Hydrolysis 
acid catalyzed, rate con- 
stants of, 279-80 
cation variation and, 276 
kinetics of, 274-77 
Hydroxylamine, Hill reac- 
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tion inhibition and, 369 
Hydroxyl] radical 
gaseous, oxidative power 
of, 112 
on irradiated biological 
solutes, effectiveness 
of, 115 


Indium 
heat capacity of, 5 
natural radioactivity of, 84 
Insulin, bovine, structure of, 
413 
Interferometer, ultrasonic, 
wave length measure - 
ment and, 48 
lodide, iodine system, equiv - 
alent redox potential of, 
110 
Iodine 
acetone complex of, 59 
aniline reaction with, ca- 
talysis and, 273 
benzene complex, heat of 
formation of, 59 
heat of solution of, 6 
hexane solutions of, irra- 
diated, iodine atom 
lifetime in, 357 
in hydrocarbons, aromatic, 
ultraviolet absorption 
peak of, 58 
iodide system, equivalent 
redox potential of, 110 
and methy! ethyl ketone, 
photochemistry of, 
356-57 
organic compounds, photo- 
decomposition of dis- 
solved oxygen on, 357 
solubility of, 56-57 
in organic solvents, 26 
solutions of 
organic, heat of solution 
of, 59 
theory of regular solu- 
tions and, 57 
specific interaction com- 
plexes of, 59 
Iodine chloride, nuclear 
mass, determination of, 
164 
Iodine fluoride, molecular 
structure of, 221 
Iodine monobromide, specif - 
ic interaction complexes 
of, 59 
Iodine monochloride, specif- 
ic interaction complexes 
of, 59 
Iodoacetic acid, photodecor - 
position in hexane, dis- 
solved oxygen on, 357 
lodoform, ketone reaction 
with, catalysis and, 274 


Ion exchange polymers, 309- 
37 


adsorption and, 325 

capacities of, 315-16 

chelating, 317 

chemical specificity and, 
317 

chemical structure of, 310- 


chromatography and, 
331-33 
separations by, 333-36 
diffusion and 
cross-linking on, 330 
in gels, 330-31 
particle size on, 330 
equilibria, 322-28 
and activity coefficients, 
evaluation of, 325 
characteristics of, 322- 
23 


charge and, 323-24 
distribution of, 322, 232 
nonuniformity and, 327- 
28 
selectivity and, 324 
solubility and, 327 
theories of, 324-25 
exchange capacities of, 
318-19 
future of, 336-37 
Gibbs -Donnan equations 
and, 325-27 
hydration of 
entropy of, 320 
gelation and, 320-21 
heat of, 320 
pressure on, 319-20 
on volume, 320 
kinetics of, 308-31 
organic 
development of, 311-12 
e~change groups in, 315 
preparation of, 312-14 
properties of, 314-15 
— chemistry of, 318- 
2 


polydictality and, 319 
polymeric network struc - 
ture on, 318 
properties of, thermochem - 
ical, 321 
reaction rates and, 328-29 
diffusion on, 329 
mass on, 329 
structure on, 329-30 
shape of, 318 
strong acid 
preparation of, 311 
properties of, 311 
structure of, 312 
strong base, 315 
and strong electrolytes, 
partition of, 322-25 
swelling and 
cross-linking and, 327, 
328 














internal stress of, 326 
screening effect and, 327 
thermodynamic activity 
and, 326 
synthesis of, 310-18 
titration of, 321 
weak acid, structure of, 312 
weak base, structure of, 
313 
see also Polymerization 
Iridium, and nitrobenzene hy- 
drogenation, catalysis of, 
296 
Iron 
aluminum -cobalt-nickel al- 
loy, electron concentra - 
tion of, 212 
catalysis by, of ammonia 
synthesis and decompo- 
sition, 291-92 
chromium alloy, phase dia- 
gram of, 203 
cobalt alloy, magnetic mo- 
ments of, 237 
ferrous, dimethylpheny]- 
methyl hydroperoxide de- 
composition and, 264 
ferrous-ferric system, e- 
quivalent redox potential 
of, 110 
hydrogen adsorption on, e- 
lectronic behavior and, 
290 
manganese alloy, polymor- 
phism and, 202-3 
in mercury, equilibrium. sol- 
ubility of, 61 
nickel alloy 
catalysis by, 295 
phase diagram of, 203 
polymorphism of, 200-1 
alloying elements on, 201- 
temperature and, 202 
Iron carbides, free energy of 
formation of, 299 
Isobutane, gaseous, com- 
pressibility of, 1 
Isobutene, thermodynamic 
properties of, 1 
Isocyanic acid, molecular 
structure of, 224-25 
Isomerization, catalytic, 
mechanisms of, 303 
Isothiocyanic acid, molecular 
structure of, 225 
Isotopes, 67-78 
abundance of, 67-70 
ratios of, 69-70 
temperature on, 69 
adsorption and, 294 
on chemical equilibria, 69, 
71 
effects of, 70-73 
on mass spectra of mole- 
cules, 70-71 
measurement of, 67-69 
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density and, 68 
mass spectrometer and, 
67-68 
microwave absorption 
and, 68-69 
on reaction rates, 71-73 
separation methods, 73-78 
centrifugation, 76 
chemical exchange, 75-76 
distillation, 76-77 
electrolytic exchange, 76 
electrolytic migration, 76 
electromagnetic, 77 
ion exchange, 77 
sweep diffusion, 77 
spectrometry, mass, ther - 
mal diffusion and, 74-75 


K 
Ketene 
acetone photodecomposition 
and, 348 
vapor, photodecomposition 
of, 356 
Ketones 
aryl alkyl, oxime formation 
in, 280 
halogenation of, catalytic, 
272 


iodoform reaction with, ca- 
talytic, 274 
lithium reagents and, 258 
in paraffinic solvents, 
photodecomposition of, 
351 
Kinetics, 255-81 
of alkylation, 278 
of ammonia synthesis and 
decomposition, catalytic, 
291-92 
of aromatic nitration, 273 
batch process and, 256 
bond dissociation energies 
and, 265-68 
of catalysis, 291-92 
acidic and basic, 271-74 
heterogeneity on, 291 
pore size and distribution 
on, 292 
continuous flow stirred tank 
reactor and, 256-57 
batch process and, 257 
temperature rise tech- 
nique and, 257 
of decarboxylation, 277 
of esterification, 277-78 
of fast reactions, 257-58 
of hydrogenation, catalytic, 
291 


of hydrolysis, 274-77 
intermediates and, 255-56 
concentration of, 256 
stability of, 256 
ion exchange, 328-31 
ionic reaction rates and, 
269-71 
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of isomerization, 279-80 

of nucleophilic reactions, 
280 

of oxidation, 258-59 

and peroxides, organic, 
259-64 

of polymerization, 264-65 

of pyrolytic reactions, 265- 
68 


of rearrangements, 278-79 

and salt dissociation, in- 
complete, 271 

of solvolysis, 274-77 

steady state properties and, 
257 


of steric effects, transition 
states and, 280 
tubular reactor and, 256 


L 


Lactamide, molal compress- 
ibilities of, 48 
Lambda-point, low tempera- 
ture helium adsorption 
and, 8 
Lanthanum, natural radioac- 
tivity of, 84 
Lanthanum chloride, activity 
coefficient of, 47 
Lanthanum ferricyanide, con- 
ductance of, 46 
Lanthanum sulfate, conduc - 
tance of, 46 
Lauroyl peroxide, decompo- 
sition of, 261 
Lead 
antimony -sodium system, 
solid phases of, 30 
antimony -sodium-zinc sys- 
tem, 32 
arsenic -sodium system, 
solid phases of, 30 
bismuth-magnesium -potas - 
sium system, 32 
isotopes, neutron binding 
energies of, 89 
spallation products of, bis- 
muth isotopes and, 87 
tin alloy, ultrasonic sound 
velocity in, 61 
Lead nitrate, sodium nitrate - 
water system, 31 
Lead oxides, oxygen system, 
equilibria of, 24 


Liquids 
compressed, equation of 
State of, 63 


gas solubility in, 59-60 

phase reactions of, radia- 
tion on, 104-17 

radiochemical equilibrium 
of, 104 

thermodynamic properties 
of, 1-2 

vapor pressure determina - 
tion and, 22-23 
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Lithium 
isotopes 
and alpha emission, 
delayed, 93 
separation of, by ion ex- 
change, 77 
tin fission products and, 
89 
magnesium alloy, polymor- 
phism of, 200, 201 
nuclear fragment emission 
and, 89 
solubility of, in liquid am- 
monia, 61 
Lithium borohydride, in aque- 
ous acid solution, kinet- 
ics of, 258 
Lithium bromide, diffusion 
coefficient of, 45 
Lithium chloride, diffusion 
coefficient of, 44-45 
Lithium fluoride, beryllium 
fluoride system, phase 
diagrams of, 24 


M 


Magnesium 
bismuth-lead-potassium 
system, 32 
lithium alloy, polymorphism 
of, 200, 201 
Magnetism 
antiferromagnetism, 237-41 
atomic spin alignment and, 
238 
ion displacements and, 238 
lattice structure and, 237 
magnetic order and, 239 
x-ray diffraction and, 237 
catalysis and, 292-93 
ferrimagnetism, 239-40 
ferromagnetism, 236-37 
magnetic field and, 240 
neutron diffraction, 235-42 
paramagnetism, 235-36 
Magnetite 
ferrimagnetism and, 239 
magnetic structure of, 239- 
40 
Maleic acid, oxidation of, os- 
mium tetroxide and, 259 
Maleic anhydride, styrene - 
divinylbenzene copoly - 
mer and, 316-17 
Malonamic acid, hydrolysis 
of, 276 
Malonic acid 
decarboxylation of, 71-72 
maximum isotope effect of, 
72-73 
Malonic ester, dissociation 
rate of, catalysis and, 
272-73 
Manganese 
ion, chlorine photochemical 
reaction with, 358 
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iron alloy, polymorphism 
and, 202-3 
irradiation of, products of, 
7 


Manganese dioxide, catalysis 
by, oxidation and, 302 
Manganous fluoride, manga- 
nous ion distribution 
function and, 236 
Manganous oxide 
neutron diffraction pattern 
of, 238 
structure of 
magnetic, 238, 239 
temperature on, 238 
Manganous sulfate, manga- 
nous ion distribution 
function and, 236 
Melting points, determination 


of, 22 
Mercury 
density of, distillation on, 
76 
iron in, equilibrium solubil- 
ity of, 61 


photosensitization by 
of cyclopentane, 350 
of decane, 350-51 
of hydrogen, 348-49 
of hydrogen-butene mix- 
ture, 349-50 
of hydrogen-methyl chlo- 
ride mixture, 351-52 
of hydrogen-olefin mix- 
ture, 350 
of methyl alcohol vapor, 
351 
of propane, 348-49 
resonance lamp, 352 
tin mixture, ultrasonic 
sound velocity in, 61 
Merocyanine dyes 
resonance and, 130-132 
Stabilization of, 130-31 
structural types of, 131-32 
Mesitylene 
dimethylphenylmethy] hy - 
droperoxide decomposi- 
tion in, 261 
iodine solubility in, 26 
Metals 
catalytic, surfaces of, 293- 
94 


hydrogen adsorption on, 
electronic behavior and, 
289-90 
polymorphism of, 199-204 
interstitial alloys and, 202 
proton adsorption on, 296 
solid solutions of, band the - 
ory and, 206 
structure of 
band theory of, 193-97 
x-ray crystallographic 
determination of, 245-47 
see also Alloys 
Methacrylonitrile, aqueous, 


polymerization of, 106 
Methane 
in hydrocarbons, incorpora- 
tion of, 300 
propane system, liquid-gas 
phases of, 27 
virial coefficients of, 2 
Methyl acetate, molecular 
structure of, 225 
Methylacetylacetone, disso- 
ciation rate of, catalysis 
and, 272 
Methyl alcohol 
benzene system 
dielectric constant of, 63 
phases of, 28 
chloroplast activity stabili- 
zation by, 365-66 
cyclohexanedicarboxylic 
acid esterification in, 
277-78 
dehydrogenation, nickel- 
copper catalysis of, 295 
internal torsion of, 164 
methyl radicals on, 344 
rotational barrier of, 13 
thermodynamic properties 
of, 13 
vapor, mercury photodecom- 
position of, 351 
water system, coal tar com- 
ponent solubilities in, 32 
Methyl bromosilane, molec- 
ular structure of, 223 
Methyl chloride 
deuterated, molecular 
structure of, 155 
hydrogen mixture, mercury 
photosensitized reaction 
of, 351-52 
Methyl chloroformate, mo- 
lecular structure of, 225 
Methyl cyanide, molecular 
structure of, 224 
Methylcyclohexane, cyclo- 
hexane system, entropy 
of fusion of, 60 
Methyldihydrothiophene -1 - 
dioxides, thermal disso- 
ciation of, substitution 
on, 264 
Methyl ethyl ketone 
entropy of dilution in, em- 
pirical, 391, 392 
heptane -toluene system, 
thermodynamic consist- 
ency of, 32 
photochemistry of, iodine 
and, 356-57 
Methyl] formate, molecular 
structure of, 225 
Methyl iodide, photodecom - 
position of, 348 
Methyl isocyanide, molecular 
structure of, 224 
Methyl methacrylate 
polymerization of, photo- 











sensitized, 264-65 

and styrene, photosensitized 
copolymerization of, 
353-54 

x-ray actinometry and, 99- 


Methyl radical 
acyl hydrogen abstraction 
and, 346-47 
olefins and 
fluoro-substituted, 354 
interaction of, 350 
paraffin hydrocarbon reac- 
tions with, 268 
photochemical reactions of, 
345-48 
activation energies of, 
344, 345 
pre-exponential factor for, 
267 
steric factors of, 344, 345 
unimolecular chain termi - 
nating, 346 
rotational barrier of, 13 
source of, 343-44 
toluene reaction with, 
steric factor of, 268 
Microwave spectroscopy 
accuracy of, 219 
assumed parameters and, 
220 
chemical analysis and, 165- 
66 
limitations of, 165 
dipole moment determina - 
tion and, 160-62 
accuracy of, 161 
isotopic substitution on, 
161-62 
low vapor pressure on, 
162 
molecular symmetry on, 
162 


vibrational excitation on, 
162 
of gases, 151-70 
high pressure, 153 
high-frequency, 153 
high-resolution, 152 
internal torsion and, 164-65 
rotational satellites and, 
164-65 
tunneling transitions and, 


isotopic species and, 163 
analysis of, 68, 166 
isotopic substitution tech- 
nique and, 219-20 


klystron oscillator and, 151- 
52 


line breadth and, 168-70 
dipole-dipole interaction 
and, 168 
frequency modulation on, 


lower limit of, 169 
pressure on, 168 


SUBJECT INDEX 


rotational state on, 168 
saturation effect and, 169- 
70 
temperature and, 168 
thermal equilibrium and, 
170 
magnetic resonance absorp- 
tion and, 153 
microwave energy modula- 
tion and, 152 
molecular structure deter- 
mination and, 153-56, 
157-59, 160 
accuracy of, 153-54 
asymmetry on, 155 
centrifugal distortion and, 
155-56 
dipole moment and, 154 
isotope effect and, 155 
method of, 153 
moment of inertia and, 154 
quantum number and, 154 
nuclear magnetic moment 
determination and 
valence bond on, 163 
Zeeman effect on, 163 
nuclear mass determination 
and 
time errors in, 164 
zero-point vibration on, 
163-64 
nuclear spin determination 
and, 162-63 
molecular suitability and, 
163 
Planck's constant and, 219 
of radioactive atoms, 153 
resonance states and, 152 
and rotational spectra, mo- 
lecular moment of iner- 
tia determination by, 219 
splitting of highly excited 
levels in, 230 
Stark effect modulation and, 
152 
valence and, 156-60 
on hyperfine structure, 
156 
Zeeman effect and, 166-68 
modulation and, 152-53 
rotational magnetic mo- 
ment and, 167 
see also Spectroscopy 
Molecular structure, 217-30 
of binary solutions, prop- 
erties and, 53 
of carboxylic methyl! esters, 
rotation and, 225 
configurations and, 227-28 
conjugated chain length, on 
light absorption, 124-25 
crystallographic data and, 
227-29 
of cyanine dyes, resonance 
and, 122 
determination of, micro- 
wave spectroscopy and, 
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153-56, 157-59, 160 
dipole moment determina - 
tion and, 160-62 
of dyes, auxochromes and, 
123 
electron diffraction and, 
217-19 
experimental factors on, 
217 
intensity determination by, 
218-19 
radial distribution curve 
and, 218 
rotating sector on, 218 
successive approximation 
method and, 218 
visual correlation tech- 
nique of, 217 
on entropy of mixing, ex- 
cess, 55-56 
of fluorides, inorganic, 
220-21 
interatomic parameters 
and, 217 
intermediate, 123 
intermediate and extreme, 
energy difference be- 
tween, 126-29 
intermolecular interactions 
and, 227 
intramolecular motions and, 
229-30 
and light absorption, reso- 
nance structures and, 
123 
of merocyanine dyes, reso- 
nance and, 130-132 
microwave spectroscopy 
and, 219-20 
of molecular addition com- 
pounds, 59 
molecular states and, 123- 
24 
by neutron diffraction, 241- 
42 
of nitrogen-containing mol- 
ecules, 224-25 
of nonelectrolytic solutions, 
52-53 
and nuclear quadrupole mo- 
ments, molecular rota- 
tion on, 159-60 
on polarization, 141 
and rotation, potential bar - 
rier to, 230 
of silane derivatives, 223- 
24 
of siloxanes, 224 
steric hindrance and, 132- 
34 
symmetry and, 141-43 
deductions from, 226-27 
of unsymmetrical dyes, 
129-30 
and x-ray diffraction, inter - 
atomic parameters and, 
217 
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see also Crystallography; 

Microwave spectrosco- 
py; and Spectroscopy 

Molybdenum trioxide, catal- 
ysis by, conductivity 
and, 297 

Monoacetone glucose, tri- 
acetyl derivative of, 
alkaline hydrolysis of, 
276 

Monoethyl malonate ion, al- 
kaline hydrolysis of, 275 


N 


Naphthacene, anthracene 
mixed crystals, trans- 
fer of energy in, 145 
Naphthalene 
absorption, azulene absorp- 
tion and, 141 
energy level calculations 
and, 136-37, 139 
fluorescence measurement 
and, 143-44 
molecular structure of, 
227-28 
vibrational analysis of, 143 
a-Naphthaquinone sulfonate, 
Hill reaction oxidation 
and, 366 
Neoabietic acid, isomeriza- 
tion, water on, 271 
Neon isotopes 
and alpha emission, delay- 
ed, 93 
separation of, by thermal 
diffusion, 75 
Neopentane, carbon tetra- 
chloride system, molec- 
ular parameters of, 54 
Neopentyl chloride, molec- 
ular structure of, 223- 


24 
rotating sector technique 
and, 218-19 


Neutron diffraction 
antiferromagnetism and, 
237-41 
ion displacements in, 238 
lattices of, 237 
magnetic order and, 239 
spin alignment and, 238 
x-ray diffraction and, 237 
ferrimagnetism and, 239- 
40 
ferromagnetism and, 236- 
37 
magnetic field on, 240 
neutron intensity of, 240 
magnetic scattering and, 
235 
paramagnetism and, 235- 
36 
polarization and, 240-41 
structure determination 
by, 241-42 
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see also Crystallography; 
and X-ray crystallogra- 
phy 
Nickel 
aluminum -cobalt-iron al- 
loy, electron concentra- 
tion of, 212 
catalysis by, 294, 299 
of cyclohexane hydrog- 
enation, 291 
of ethylene hydrogenation, 
291 
copper alloy, catalysis by, 
295 


iron alloy 
catalysis by, 295 
phase diagram of, 203 
Nickelous oxide, structure 
of, temperature on, 
238 
Nicotinic acid, x-ray sensi- 
tization of, 116 
Niobium nitride, heat capac- 
ity of, 5 
Nitramide, catalytic decom- 
position of, 272 
Nitrate 
in aqueous solution, reac- 
tion rates of, 269 
nitrite system, equivalent 
redox potential of, 109- 
10 
Nitric acid 
anhydrous, structure of, 250 
aromatic nitration and, 273 
monohydrate, structure of, 


reactions of, kinetics of, 
268 
Zeeman effect and, 168 
Nitrite, nitrate system, e- 
quivalent redox potential 
of, 109-10 
‘m-Nitroaniline, dissociation 
constant of, 46 
Nitrobenzene 
cyclohexane system, ad- 
sorption of, 62 
hydrogenation, catalytic, 
296 
p-Nitrobenzyl bromide, hy- 
drolysis of, 275 
Nitroethane, dissociation 
rate of, catalysis and, 
273 
Nitrogen 
adsorption isotherm for, 
on copper, 288 
heat of dissociation of, 12 
isotopes 
microwave spectroscopic 
analysis of, 68-69, 166 
and neutron emission, de- 
layed, 93 
separation of, by thermal 
diffusion, 74 
liquid 





solid hydrocarbon solu- 
bility in, 56-57 
vapor pressure of, 22 
tetrahedral hybridization 
of, 180 
titanium system, phase 
diagram of, 24 
vapor pressure of, 1 
virial coefficient of, 2 
Nitrogen dioxide 
nitrogen pentoxide reaction 
with, kinetics of, 268 
Zeeman effect and, 168 
Nitrogen fluoride, molecu- 
lar structure of, 220 
Nitrogen pentoxide 
crystal structure of, 249 
reaction kinetics of, 268 
Nitromethane vapor, pyrol- 
ysis of, 266 
p-Nitro-p'-methoxybenzoyl 
peroxide, decomposition 
of, 260 
m-Nitrosonitrobenzene, po- 
larized spectrum of, 
142 
Nitrosyl chloride, vapor 
pressure of, 1 
m-Nitrotoluene, hydrochlo- 
ric acid solubility in, 26 
Nitrourethane, saponifica- 
tion, reaction rate of, 
269, 270 
Nitrous acid 
aromatic nitration and, 273 
diazotization in, 274 
glycine deamination by, 281 
isotopic, thermodynamic 
properties of, 13-14 
Nitryl chloride, stability of, 


Nonane, decane -heptane - 
hexane-octane system, 
equations for, 33-34 

Nonelectrolytic solutions, 
51-63 

binary 
critical composition and, 
54-55 
entropy of fusion of, 60 
excess chemical potential 
of, 54 
free energy of mixing of, 
53 
free volume theory of, 54 
interaction types and, 53 
liquid-vapor systems of, 
60-61 
properties of, 53 
van der Waals equation 
and, 55 
critical phenomena, 62-63 
entropy of mixing and, 52 
fluorocarbons, 55-57 
hydrocarbons, 55-57 
of iodine, 57-59 
metallic, 61 


molecular. structure of, 52- 
53 
solubility of, 6 
surface phenomena of, 61- 
62 
two-phase equilibria of, 
59-61 
eutectic points of, 60 
virial coefficient and, 52 
volume fraction expansions 
and, 51 
see also Electrolytic solu- 
tions; and Solutions 
Nuclear theory 
alpha particle decay and, 
90-91 
collateral decay chains 
and, 89-90 
of compound nucleus, 86 
fission, 87-89 
atomic number on, 87 
energy on, 87, 89 
of medium weight ele- 
ments, 89 
product curve for, 88 
speed of, 88 
neutron binding energy and, 
89 
nucleon-nucleon forces and, 
94 
nucleus and 
energy surface of, 91 
high energy particle en- 
counters with, 86 
transparency of, 86 
radioactivity and, 83-95 
products of, 86-87 
products of, distribution 
among, 87-88 
spallation, 86-87 
high energy, 87 
see also Radioactivity 


1) 


Octafluorocyclobutane, mo- 
lecular structure of, 222 
Octane 
decane -heptane system, eu- 
tectics of, 32 
decane -heptane -hexane - 
nonane system, equations 
for, 33-34 
n-Octane 
n-hexadecane system, en- 
tropy of mixing of, 55 
tetraethylmethane system 
entropy of mixing of, 55- 
56 
thermodynamic proper - 
ties of, 5 
Olefins 
aluminum borohydride re- 
action with, kinetics of, 
259 
atomic hydrogen interac- 
tion with, 268 
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halogenation of, catalysis 
and, 273 
hydrogen mixtures, mer- 
cury photosensitization 
of, 350 
methyl radical and, inter- 
action of, 350 
Oscillator, harmonic, ther - 
modynamic functions 
and, 14 
Osmium tetroxide, oxidation 
catalysis and, 259 
Osmotic pressure 
of high polymers, 395-97 
of proteins, 404-5 
Oxalic acid, decarboxyla- 
tion, isotope effect of, 
73 
Oxidation reactions 
aqueous 
net power of, 111 
radiation and, 107-14 
catalytic, 302-3 
conductivity and, 303 
isotopes and, 302 
by hydrogen ion, 112 
by hydroxyl radicals, gas- 
eous, 112 
kinetics of, 258-59 
peroxides and, 258 
on redox potential, equiv - 
alent, 109 
salient features of, 111 
see also Hill reaction; and 
Photosynthesis 
Oxides 
heats of decomposition of, 
11 
mixed, catalysis by, 297 
structures of, x-ray crys- 
tallography and, 249 
Oximes 
formation of, in aryl alkyl 
ketones, 280 
isomerization of, 279-80 
Oxygen 
consumption of 
in photosynthesis, 372 
styrene polymerization 
and, 259 
dissolved, on organic io- 
dine compound photode - 
composition, 357 
on irradiated biological 
solutes, 114-15 
isotopes of 
abundance of, in calcium 
carbonate, 69-70 
carbon dioxide -bicarbon - 
ate ion, exchange and, 
15 
and neutron emission, de- 
layed, 93 
separation of, by thermal 
diffusion, 74-75 
lead oxide system, equi- 
libria of, 24 
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liquid, hydrocarbon solu- 
bility in, 26, 56-57 
nitric oxide reaction with, 
kinetics of, 268 
tetrahedral hybridization 
of, 180 
thermodynamic properties 
of, 14 
vapor pressure of, 1 
Zeeman effect and, 168 
Ozone, decomposition of, 
kinetics of, 280-81 
Ozonide, formation equilib- 
rium constants of, 11 


P 


Palladium 
gold alloys, para-hydrogen 
conversion for, 296 
hydrogen adsorption on, 
electronic behavior and, 
290 
nitrobenzene hydrogena- 
tion, catalytic, 296 
Penninite, structures of, 
249 
Pentalene, energy level cal- 
culations, 137 
n-Pentane, perfluoro-n- 
pentane system, solu- 
bility parameters of, 56 
Perfluoroheptane, iodine 
solubility in, 26 
Perfluoro-n-heptane 
chlorine in, solubility of, 
59-60 
n-heptane -2,2,4-trimethyl- 
pentane system, solu- 
bility parameters of, 56 
Perfluoromethylcyclohex- 
ane, carbon tetrachlo- 
ride system, critical 
temperature and, 29 
Perfluoro-n-pentane, n-pen- 
tane system, solubility 
parameters of, 56 
Peroxides, organic 
decomposition of, 260 
kinetics of, 259-64 
and polymerization reac- 
tions, initiation of, 259 
wall reaction and, 259 
Petroleum, phases, identi- 
fication and, 34 
Phase diagrams 
critical state and, 23 
heterogeneous equilibria 
and, 21-34 
of tin, 23-30 
o-Phenanthroline, Hill reac- 
tion inhibition and, 369 
Phenols, alkylation of, ter- 
tiary alkyl halides and, 
278 
bis-Phenylacetyl peroxide, 
decomposition of, 262 
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Phenylcarbinol, etherifica- 
tion of, in benzene, 278 
Phenylethenes, heats of com- 
bustion of, 10 
9-Phenylthiacarbocyanine, 
planarity of, 133 
Phosgene, photochemical 
formation of, 346 
Phosphoglyceric acid, pro- 
duction of, carbon diox- 
ide fixation and, 363 
Phosphorus trichloride, mo- 
lecular structure of, 
155, 220, 226 
Photochemistry, 343-59 
free radical production and, 


methyl radical reactions 
and, 343-48 

photosensitized reactions, 
348-52 

polymerization and, 353-54 

rotating sector technique, 
theory of, 346 

single flash technique and, 
357-58 

solar energy utilization 
and, 359 

see also Photosynthesis 

Photosynthesis, 361-79 

action spectrum of, 375 

bacterial chemosynthesis 
and, 362 

and carbon dioxide absorp- 
tion, isotope effect of, 


and carbon dioxide reduc - 
tion, chemistry of, 363 
carotenoids and, 374 
chlorophyll and, 374 
cyanide on, 372 
and fluorescence, carbon 
dioxide on, 362 
fucoxanthol and, 375 
Hill reaction and, 364-70 
mechanism of, 362-63 
carbohydrate oxidation in 
respiration and, 363 
oxygen consumption rate 
and, 372 
photosynthetic unit and, 
377-78 
phycocyanins and, 374-75 
phycoerythrin and, 374 
pigments and, 374-79 
energy migration in, 377- 
79 
mechanisms of, 376 
quantum yield and, 375-76 
spectral yield curves, 376 
quantum yield of, 370-74 
conditions for, 371 
light intensity on, 372 
measurement techniques 
of, 373 
respiration and, 372 
sources of error and, 371 
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quinone poisoning and, 373 
stages of, 361 
see also Carbon dioxide 
Phycocyanins, photosynthe - 
sis and, 374-75 
quantum yield and, 376 
Phycoerythrin, photosynthe - 
sis and, 374 
Pigments, on photosynthe - 
sis, 374-79 
1-Pimaric acid, isomeriza- 
tion of, water on, 271 
Pinene, isomerization of, 
rates of, 280 
Plasma 
protein fractionation and, 
414 
prothrombin adsorption 
and, 414 
Platinum 
catalysis by, ammonia ox- 
idation and, 303 
tin alloy, structure of, 246 
Plutonium 
formation of, 84 
naturally occurring, 84-85 
chemical separation of, 
85 
concentration of, 84 
isotopes of, 84 
uranium ratio of, 85 
Polarization 
on catalysis, 297 
molecular structure on, 
141 
neutron diffraction and, 
240-41 
spectroscopy and, 141-42 
see also Absorption, light; 
and Spectroscopy 
Polonium 
isotopes, bismuth spalla- 
tion products and, 87 
structure of, 246 
Polyenes, energy level cal- 
culations, one -dimen- 
sional box method and, 
135 
Polyisoprene, heat of dilu- 
tion of, empirical, 393 
Polymerization 
in aqueous media, 106-7 
kinetics of, 106-7 
reaction scheme of, 106 
copolymerization and, 265 
heats of, 9 
initiation of, organic per- 
oxides and, 259 
by irradiation, 105-7 
kinetics of, 264-65 
and rate constants, reso- 
lution of, 264 
rotating sector method 
and, 264 
mechanisms of, 303 
of nonaqueous media, 105 
photosensitized, 353-54 





chain termination and, 
354 
rate of, 105 
dose rate on, 107 
wave length and, 107 
see also Ion exchange pol- 
ymers; and Polymers, 
high 
Polymers, high 
entropy of mixing of, 383, 
385-86 
applicability of, 390 
chaig flexibility on, 385, 
387 
empirical, 392 
heat of dilution of, empir- 
ical, 393 
lattice model of 
applicability of, 389-90 
chemical potential and, 
389, 390-91 
empirical comparisons, 
391-93 
entropies of, 384-85 
heat of mixing and, 387 
position in, 384 
Standard state free ener- 
gy and, 389 
symmetry and, 387 
theory of, 383-91 
partial molal entropy of, 
390 
solutions of, 
applications of, 397-401 
binary, 397-99 
critical point of, 400 
critical temperatures of, 
398-99 
incompatibility of, 399- 
400 
melting points and, 401 
multicomponent, 399-400 
phase boundary curve for, 
398 
swelling and, 400 
thermodynamics of, 383- 
401 
viscosity of, intrinsic, 
400-1 
solutions of, dilute, 393- 
97 
entropy of dilution of, 
394-95 
intramolecular interac - 
tions and, 395 
osmotic pressure and, 
395-97 
turbidity of, 395 
see also Polymerization 
Polymethacrylic acid, cross- 
linked, 316 
Polymethine dyes, energy 
level calculations, va- 
lence bond method, 140 
Polysilicones 
entropies of dilution of, 
empirical, 391, 392 





heat of dilution of, empir- 
ical, 393 
Polystyrene 
in benzene, light scattering 
curve of, 397 
in cyclohexane 
critical temperature of, 
398 
precipitation temperature 
of, 398 
divinylbenzene copolymer 
exchange capacities of, 
318-19 
hydration of, 320-21 
porosity and, 318 
entropies of dilution of, 
empirical, 391, 392 
light scattering parameters 


for, 396 
osmotic parameters for, 
396 


solutions, osmotic pres- 
sures of, 9 
in toluene 
light scattering curve for, 
397 
osmotic pressure of, 396, 
397 
Porphine, energy levels of, 
137 
Potassium 
bismuth-lead-magnesium 
system, 32 
chromatographic separa- 
tion of, 335 
solubility of, in liquid am- 
monia, 61 
Potassium bromide 
aqueous solution of, criti- 
cal temperature of, 25 
diffusion coefficient of, 45 
urea-water system, phases 
of, 31-32 
Potassium chloride 
activity coefficient of, 47 
aqueous solution of, criti- 
cal temperature of, 25 
chloroplast activity stabi- 
lization by, 366 
diffusion coefficient of, 44, 
45 
Potassium chlorochromate, 
structure of, 250 
Potassium fluoride, ammo- 
nium fluoride -water 
system, 30-31 
Potassium iodide, aqueous 
solution of, critical 
temperature of, 25 
Potassium nitrate 
diffusion coefficient of, 44- 
45 


ethyl alcohol-water system, 


volatility and, 31 
solubility of, 25 
Potassium permanganate, 
solubility of, 25 
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Potassium sulfate, conduct- 
ance of, 46 
Potassium thiocyanate, sol- 
ubility of, 25 
Propane 
benzene system, liquid-gas 
phases of, 27 
mass spectrum of, carbon 
isotope substitution and, 
70 
mercury photodecomposi- 
tion of, 348-49 
methane system, liquid-gas 
phases of, 27 
thermal cracking of 
carbon isotope reaction 
rate and, 71 
isotope effect on, 72 
Propene, 1-butene system, 
liquid-gas phases of, 
26-27 
Propiolactone, photodecom - 
position, products of, 
355 
8-Propiolactone 
hydrolysis of, 275 
nucleophilic reagents on, 
280 
n-Propyl bromide, pyrolysis 
of, 267 
Propylene 
ketene vapor photodecom - 
position and, 356 
pyrolysis of, 266 
solubility of, in liquid oxy- 
gen, 26, 56-57 
thermodynamic properties 
of, 11 
Propylene glycol, chloroplast 
activity stabilization by, 
365 
Protactinium, chromato- 
graphic separation of, 
335 


Proteins, 404-14 
association -dissociation 
reactions and, 412-413 
diffusion of, 406-7 
electrophoresis of, 408-9 
moving boundary equation 
and, 408 
enzymatic degradation and, 
413-14 
fractionation of, 414 
heterogeneity of, 409, 410 
boundary spreading and, 
410 
constants of, 410 
ion binding, 410-11 
Study techniques and, 411 
light scattering of, 405 
molecular weight meas- 
urement by, 405 
lipoproteins, 412 
molecular kinetic methods 
and, 404 
molecular weight of, 412- 
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13 
osmotic pressure of, 404-5 
proteolysis and, 413-14 
sedimentation equilibria of, 
405-6 
ultracentrifuge and, 406 
sedimentation velocity of, 
407-8 
density on, 407 
flotation sedimentation 
and, 408 
solvation on, 407 
ultracentrifuge on, 407 
shape of, 414 
size of, 414 
structure of, 412 
x-ray diffraction and, 409 
see also Colloids 
Pyridine 
absorption band of, 144 
acetic anhydride system, 
29 
Pyruvic acid, Hill reaction 
oxidation and, 367 


Q 


Quantum theory, 177-86 
bond angles and, 180-81 
bent structures and, 181 
quadrupole coupling con- 
stant and, 180 
symmetry resonance on, 


three -membered rings 
and, 181 
energy level calculations 
and, 135-40 
free electron model and, 
185-86 
potential on, 185 
Goeppert-Mayer and Sklar 
method, 138-39 
configurational interac - 
tion and, 138 
hybrid orbitals and, 177-80 
arbitrary, 178 
construction of, 177-78 
cylindrical symmetry 
and, 177, 179-80 
diagram of, 179 
equivalent, 179 
square, 180 
molecular orbital method, 
135-38, 184 
advantages of, 136 
configurational interac - 
tion and, 139 
field types and, 137 
low symmetry and, 139 
perturbation theory and, 
137 
nonatomic orbitals and, 
181-84 
displaced, 182-83 
Hartree-Fock equations 
and, 183-84 











458 


one-dimensional box model 
and, 135 

Schrodinger equation and, 
136 


and valence, directed, 177- 
80 
valence bond method, 139- 
40 
inaccuracies of, 139 
see also Spectroscopy 
Quinone 
Chlorella cell oxidation and, 
370 
and Hill reaction, quantum 
requirements of, 368 
respiration inhibition by, 
373 


Radiation 
aqueous oxidation-reduction 
reactions and, 107-14 
on biological solutes 
active agents of, 114-15 
indirect action of, 114-17 
mechanisms of, 115-16 
products of, 115 
protection and, 116-17 
protein denaturation and, 
116 
reduction and, 116 
sensitization and, 116 
bleaching of aqueous dyes 
by, redox potentials and, 
109 
charge diffusion, radial 
field and, 102 
chemical changes from, 
excitation on, 104 
chemistry of, 99-117 
energy absorption mecha- 
nism and, 101-2 
ion identification and, 103- 


and ion pair formation, en- 
ergy of, 102 
integral chemical dosime- 
ter and, 99 
in aqueous media, 100 
colorimetry and, 100-1 
difficulties of, 99 
radioactive trace tech- 
niques and, 101 
requirements of, 99 
vinyl polymerization and, 
99-100 
kinetics of, 104-17 
mean track density of, 103 
polymerization by, 105-7 
primary act of, 101-4 
charged and neutral spe- 
cies formed in, 102-4 
spatial distribution and, 
102-3 
non-Gaussian distribution 
and, 103 
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secondary processes of, 
primary act products 
on, 104 
x-ray wave length on, 103 
see also Radioactivity 
Radioactivity 
alpha 
atomic number correla- 
tion, 90 
half-life energy correla- 
tion and, 90 
mass number correlation, 
90 
rare earth elements and, 
91 
systematics of, 90-91 
artificial, delayed emis- 
sion and, 93 
beta decay, 94-95 
Fermi theory and, 94 
forbidden spectra and, 
94-95 
and gamma rays, angular 
correlation of, 95 
mesons, 95 
artificial production of, 
83 
microwave spectroscopy 
and, 153 
neutron decay and, 85-86 
nuclear theory and, 83-95 
products of, 86-87 
distribution among, 87-88 
transuranic elements, 92- 


see also Nuclear theory; 
and Radiation 
Rare earths, chromato- 
graphic separation of, 
333-34 
Redox potential, equivalent 
complexing agents and, 110 
hydrogen-ion concentration 
and 
on approach rate, 110 
on chemical equilibrium, 
110 
oxygen on, 109 
radiation bleaching of aque- 
ous dyes and, 109 
radical spatial distribution 
and, 110 
of water, 107-9 
oxidation by gaseous hy- 
droxyl radicals and, 112 
oxidation by hydrogen 
molecule ions and, 112 
reaction type and, 109 
reduction by hydrogen 
ions and, 113-14 
reduction by hydroxy! 
radicals and, 112-13 
Reduction reactions 
aqueous 
net power of, 111 
radiation and, 107-14 
on biological solutes, 116 


by hydrogen ions, 113-14 

by hydrogen peroxide, 113- 
14 

by hydroxy] radicals, 112- 
13 

salient features of, 111 

see also Hill reaction; and 
Photosynthesis 

Rhodium, and nitrobenzene 

hydrogenation, catalysis 


of, 296 
Rotation, internal, barriers 
to, 13 
thermodynamic functions 
and, 13 


Rubber, entropy of dilution 
of, empirical, 392-93 
Rubidium fluoride, beryllium 
fluoride system, phase 

diagrams of, 24 


s 


Samarium, alpha activity of, 
91 
Selenides, structure of, 249 
Serine, deamination and, 117 
Serum albumin 
binding of, azo-hapten and, 
416 
bovine, molecular weight 
of, 405 
Silane derivatives, molecu- 
lar structure of, 223-24 
Silica 
aluminum oxide-calcium 
oxide -ferric oxide -so- 
dium oxide system, 
phases of, 33 
ferric oxide-ferrous oxide 
system, 30 
sodium oxide-water system, 
31 
Silica gel, adsorptive capac- 
ity of, specific indica- 
tors and, 288 
Silicides, structures of, 246- 
47 
Siliconeopentyl chloride, mo- 
lecular structure of, 
223-24 
rotating sector technique 
and, 218-19 
Siloxanes, molecular struc - 
ture of, 224 
Silver 
aluminum alloy 
electron concentration on, 
210 
phase diagram of, 209 
diffusion coefficient of, 45 
fission of, 88-89 
vapor pressure of, 2 
Silver iodide, ice crystal 
formation and, 418-19 
Silver nitrate, thallium ni- 
trate system, liquid 





phase of, 23-24 
Silver perchlorate, benzene 
complex, structure of, 
248-49 
Sodium 
antimony -lead system, sol- 
id phases of, 30 
antimony -lead-zinc system, 
32 
arsenic-lead system, solid 
phases of, 30 
chromatographic separation 
of, 335 
diffusion coefficient of, 45 
on ethane decomposition, 
352 
isotopes, delayed alpha e- 
mission and, 93 
solubility, in liquid ammo- 
nia, 61 
Sodium bromide, diffusion 
coefficient of, 45 
Sodium carbonate, sodium 
chloride -sodium hydrox - 
ide-sodium sulfate -wa- 
ter system, isothermal 
diagram of, 33 
Sodium chloride 
activity coefficient of, 47 
aqueous solution of, crit- 
ical temperature of, 25 
diffusion coefficient of, 44- 
45 
hyperfine structure of, va- 
lence on, 156-59 
sodium carbonate -sodium 
hydroxide -sodium sul- 
fate-water system, iso- 
thermal diagram of, 33 
Sodium fluoride 
beryllium fluoride system, 
phase diagrams of, 24 
yttrium chloride system, 
lattice constants of, 24 
Sodium hydroxide, sodium 
carbonate -sodium chlo- 
ride-sodium sulfate -wa- 
ter system, isothermal 
diagram of, 33 
Sodium nitrate, lead nitrate - 
water system, 31 
Sodium oxide 
aluminum oxide -calcium 
oxide-ferric oxide -sil- 
ica system, phases of, 
33 


Silica-water system, 31 
Sodium perchlorate, molal 
volume, characteristics 
of, 48 
Sodium sulfate 
conductance of, 46 
ethyl alcohol-water sys- 
tem, solubility in, 31 
ethylene glycol-water sys- 
tem, liquid phases of, 31 
sodium carbonate -sodium 
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chloride-sodium hydrox - 
ide-water system, iso- 
thermal diagram of, 33 
Sodium trifluoroacetate, de- 
carboxylation of, 277 
Solids 
heat capacities of, 4 
low temperatures and, 8 
paramagnetism and, 4-5 
physics of, catalysis and, 
294-98 
solubility of, in liquid gas- 
es, 24-25 
superconductivity and, 5 
thermodynamic properties 
of, 4 
Solutions 
aqueous, ionic reactions in, 
rate of, 269-70 
binary, thermodynamic 
properties of, 7 
entropy of mixing of, 7 
heats of mixing of, 6 
of polymers 
dilute, 393-97 
thermodynamics of, 383- 
401 
solid, 7 
thermodynamics of, 5-7 
see also Electrolytic solu- 
tions; and Nonelectro- 
lytic solutions 
Solvolysis, kinetics of, 274- 
77 
Spallation, see Nuclear the- 
ory; and Radioactivity 
Spectrometer, mass, 67-68 
auxiliary mass spectrome- 
ter tube and, 68 


calibration of, isotopic mix- 


tures and, 68 
dual sample system and, 68 
electrical stability of, 68 
electron multiplier tube 
and, 68 
hydrogen-deuterium mix- 
tures, analysis of, 68 
Spectroscopy, 212-45 
atomic, 140, 143-45 
emission, from metastable 
levels, 143-44 
energy levels 
experimental approach, 
140-45 
quantum mechanics and, 
135- 
and excitation energy, 
transfer of, 144-45 
extinction coefficients and, 


Goeppert-Mayer and Sklar 
method, 138 

group theory of, 140 

luminescence lifetime and, 
143 

molecular orbital method 
and, 135-38 
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advantages of, 136 
configurational interac - 
tion and, 139 
field types and, 137 
perturbation theory and, 
137 
symmetry and, 139 
one-dimensional box model 
and, 135 
perturbation effects, 137, 
141, 145 
Schrédinger equation and, 
136 


sensitized fluorescence 
and, 144 
symmetry and, 141-43 
polarized light on, 141-42 
vibrational analysis and, 
142-43 
ultraviolet, vacuum, 145 
valence bond method and, 
139-40 
see also Absorption, light; 
Microwave spectrosco- 
py; Molecular structure; 
and Quantum theory 
Squalene, heat of dilution of, 
empirical, 393 
Stark effect, microwave 
spectroscopy and, 152 
Steric hindrance 
absorption on, 132-34 
planarity on, 132-34 
Styrene 
and butyl acrylate, photo- 
sensitized copolymeri- 
zation of, 354 
cyclohexyl hydroperoxide. 
decomposition in, 262 
dimethylphenylmethy] hy - 
droperoxide decomposi- 
tion in, 262 
divinylbenzene copolymer 
exchange groups and, 315 
maleic anhydride and, 
316-17 
preparation of, 312-14 
structure of, 314 
hydrogenation, iron-nickel 
catalysis of, 295 
and methyl methacrylate, 
photosensitized copoly - 
merization of, 353-54 
monomer, dimethylpheny!- 
methyl hydroperoxide 
decomposition in, 261 
polymerization of 
oxygen consumption and, 
259 


photosensitized, 105, 264, 
353 
x-ray actinometry and, 99- 
100 
Sucrose 
diffusion coefficient of, 44 
inversion of, specific inter - 
action and, 270-71 
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Sucrose octaacetate, alkaline 
hydrolysis of, 276 

Sulfamate ion, hydrolysis of, 
276 


Sulfur 
compounds, structures of, 


isotopes of 
sulfur dioxide -bisulfite 
ion, exchange and, 75 
variations in, 70 
rhombic, physical properties 
of, 11 
thermodynamic properties 
of, 14 
Sulfur dioxide 
and aliphatic hydrocarbors, 
gas phase photochemical 
studies of, 355 
molecular structure of, iso- 
tope effect and, 155 
Sulfuric acid 
dimethylphenylmethy! hy- 
droperoxide decomposi- 
tion in, catalysis of, 261 
ferrous ions in, oxidation 
of, 101 
Sulfur trioxide, water system, 
solid phases of, 25 
Surfaces 
of catalysts 
heterogeneity of, 293-94 
homogeneity of, 292 
chemistry of, 287-303 
interfacial tension and, 62 
of nonelectrolytic solutions, 
61-62 
quasi-crystalline lattice 
model of, 61-62 
Statistical mechanical the - 
ory and, 61 
surface tension and, 62 
thermodynamics of, 7-8 
see also Adsorption; and 
Catalysis 


T 


Tantalum, chromatographic 
separation of, 335 
Tellurides, structures of, 249 
Terbium, alpha activity of, 91 
Tetrachloroethylene, tri- 
chloroethylene system, 
Raoult's law and, 28 
Tetracosane, cis-decahydro- 
naphthalene system, 
freezing point of, 60 
Tetradecane, hexadecene sys- 
tem, Raoult's law and, 
28-29 
Tetraethylmethane, n-octane 
system 
entropy of mixing of, 55-56 
thermodynamic properties 
of, 5 
Tetrafluoroethylene 
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molecular structure of, 218, 
221-22 
polymerization of, on acet- 
aldehyde photodecompo- 
sition, 354 
Tetrahydropyran, molecular 
structure of, 227 
Tetramethylammonium bro- 
mide, bromine system, 
phases of, 26 
Tetramethylorthosilicate, mo- 
lecular structure of, 224 
Thallium isotopes, separation 
of by electrolytic migra- 
tion, 76 
Thallium nitrate, silver ni- 
trate system, liquid phase 
of, 23-24 
Thallous fluoride, heat of so- 
lution of, 13 
Thermal diffusion 
isotopic separation and, 74- 
76 
see also Diffusion 
Thermodynamics, 1-14 
harmonic oscillator and, 14 
of high polymer solutions, 
383-401 
high temperature heat ca- 
pacities and, 9 
phase behavior and, 29 
third law of, entropies from, 
9 


Thiazole, high basicity of, on 
color deepening, 126 
Thiosulfate, bromide reac- 
tions with, kinetics of, 
280 
Thiourea, molecular addition 
complexes of, 248 
Thorium 
fission, product curve for, 
88 
spallation products, fran- 
cium isotopes and, 87 
Thorium dicarbide, crystal- 
line structure of, 241 
Thorium dihydride, crystal- 
line structure of, 241 
Threonine, molecular con- 
figuration of, 228 
L-Threonine, structure of, 
x-ray crystallography 
and, 244 
Tin 
fission of, 88-89 
lithium isotopes and, 89 
gold system, liquid, 61 
liquid mixtures of, ultra- 
sonic sound velocities in, 
61 
phase diagrams of, 23 
platinum alloy, structure of, 
246 
Titanium 
carbon system, phase dia- 
gram of, 24 


nitrogen system, phase dia- 
gram of, 24 
Toluene 
entropy of dilution in, em- 
pirical, 391, 392 
on ethylbenzene pyrolysis, 
265-66 
heptane -methylethylketone 
system, thermodynamic 
consistency of, 32 
methyl radical reaction 
with, steric factor for, 
268 
polystyrene in 
light scattering curve for, 
397 
osmotic pressure of, 396, 
397 
p-Toluenesulfonyl chloride, 
cellulose esterification 
with, 277 
p-Toluidine, dissaciation con- 
stant of, 46 
Tourmaline, structure of, 249 
Transuranic elements 
berkelium, chemical prop- 
erties of, 92 
californium, chemical prop- 
erties of, 92 
elution positions, spacing 
of, 92-93 
vapor pressure of, 2 
1,1,1-Trichloroethane, pyrol- 
ysis of, 267 
Trichloroethylene, tetra- 
chloroethylene system, 
Raoult's law and, 28 
Triethylene glycol, water 
system, equilibria of, 25 
1,1,1-Trifluoroethane, rota- 
tional barrier of, 13 
Trifluoromethy] benzoic acid, 
diphenyldiazomethane 
reaction with velocity 
constants of, 277 
Trimethylaluminum, struc - 
ture of, 247 
Trimethylamine, vapor pres- 
sure of, 2 
2,2,3-Trimethylbutane, ben- 
zene system, 29 
2,2,4-Trimethylbutane, neg- 
ative azeotropy of, 57 
2,2,4-Trimethylpentane 
n-heptane -perfluoro-n-hep- 
tane system, solubility 
parameters of, 56 
n-hexadecane system, en- 
tropy of mixing of, 55 
2,4,4-Trinitrotoluene, vapor 
pressure of, 2 
Triphenylmethy] fluoride, hy- 
drolysis of, catalysis 
and, 272 
Triphenylsilyl fluoride, hy- 
drolysis of, catalysis of, 
272 


Triphosphopyridine nucleo- 
tide, Hill reaction reduc - 
tion and, 366-68 

Tritium 

on chemical equilibria, 71 

compounds of, thermody - 
namic properties of, 13 

radioactivity of, 83-84 

see also Deuterium; and 
Hydrogen 

Trypaflavine, sensitized flu- 
orescence and, 144 

Tungsten 

adsorption on, 289 
of hydrogen, 289, 290 
heat capacity of, 5 


U 
Uranium 

fission, product curve for, 
88 

plutonium ratio of, in ores, 
85 

and spallation, high energy, 
87 


and transition elements, 
structures of, 246 
Uranium fluoride, structure 
of, 250 
Uranium hydride, hydrogen 
positions in, 241-42 
Urea 
isotope effect of, reaction 
completion and, 73 
molecular addition com- 
plexes of, 248 
planarity of, 225 
potassium bromide -water 
system, phases of, 31-32 
Urea nitrate, isotope effect 
of, reaction completion 
and, 73 


Vv 


Valence 
on hyperfine structure, 156 
microwave spectroscopy 
and, 156-60 
Vapor pressure 
determination of, 22-23 
equilibrium temperature 
and, 23 
of gases, 1-2 
Vinyl acetate 
acetaldehyde -acetone -water 
system, graphic repre- 
sentation of, 33 
polymerization of, 264 
photosensitized, 353 
x-ray actinometry and, 99- 
100 
Vinyl allyl ether, rearrange - 
ment of, 279 
Vinyl chloride, conjugation 
and, 159 
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Vinyl fluoride, polymeriza- 
tion of, on acetaldehyde 
photodecomposition, 354 

Vitamin K, x-ray sensitiza- 
tion and, 117 


Ww 


Water 
acetaldehyde -acetone -viny] 
acetate system, graphic 
representation of, 33 
acetic acid-calcium chloride 
system, volatility and, 31 
aluminum nitrate -n-hexanol 
system, water activity 
in, 31 
ammonium fluoride -potas- 
sium fluoride system, 
30-31 
ammonium nitrate-calcium 
nitrate system, 31 
benzoic acid-o-xylene sul- 
fonate system, solubility 
in, 32 
bond angles in, 180 
calcium carbonate crystal- 
lization from, tempera- 
ture on, 69-70 
equivalent redox potential 
of, 107-9 
electron capture by solute 
and, 111 
oxidation by hydrogen mol- 
ecule ions and, 112 
oxidation by hydroxyl rad- 
icals, gaseous, 112 
reaction type and, 109 
reduction by hydrogen ions 
and, 113-14 
reduction by hydroxyl rad- 
icals and, 112-13 
ethane in, solubility of, 26 
ethyl alcohol-potassium ni- 
trate system, volatility 
and, 31 
ethyl alcohol-sodium sul- 
fate system, solubility 
in, 31 
ethylene glycol-sodium sul- 
fate system, liquid 
phases of, 31 
ethylene oxide system, 28 
furfural system, so!ubility 
of, 27-28 
hydrogen peroxide system, 
solid solutions and, 25 
lead nitrate-sodium nitrate 
system, 31 
methyl alcohol system, coal 
tar component solu- 
bilities in, 32 
oxidation-reduction re- 
actions in, 107-14 
photo-oxidation of, ceric 
ions and, 358 
photo-reduction of, europi- 
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um and, 358-59 

potassium bromide-urea 
system, phases of, 31-32 

potassium salt solubility 
in, 25 

silica-sodium oxide system, 
31 

sodium carbonate -sodium 
chloride -sodium hydrox- 
ide-sodium sulfate sys- 
tem, isothermal diagram 
of, 33 

sulfur trioxide system, sol- 
id phases of, 25 

supercooled, ice crystal 
formation and, 418 

triethylene glycol system, 
equilibria of, 25 

Wurster's blue, polarized 

spectrum of, 141-42 


x 


Xanthydrol ureide, isotope 
effect of, reaction com- 
pletion and, 73 

Xenon 

isotopes, thermal diffusion 
separation of, 75 

resonance lamp, 352 

X-ray 

on carboxypeptidase, 117 

glycine deamination and, 
117 

polymerization by, 105 

X-ray crystallography, 242- 

45 
electron-deficient com- 
pounds and, 247-48 
electron density and, 243 
electronic Fourier synthe - 
sizers and, 242-43 
equipment for, 244-45 
high-pressure techniques, 
245 
high-temperature tech- 
niques, 245 
image seeking functions 
and, 243-44 
intensity distribution meth- 
od of, symmetry and, 244 
of minerals, 249 
molecular complexes and, 
248-49 
and nonpolar gases, hy- 
drates of, 248 
of oxides, 249 
phase angles and, 243 
punched card techniques 
and, 242 
structure determination by, 
242-50 
of graphite, 247 
of metals, 245-47 
of selinides, 249 
of semimetals, 246-47 
of sulfides, 249 
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of tellurides, 249 
of L-threonine, 244 
see also Crystallography 
o-Xylene sulfonate, benzoic 
acid-water system, sol- 
ubility in, 32 
p-Xylene, iodine solubility 


Y 


Yttrium chloride, sodium flu- 
oride system, lattice 
constants of, 24 


Qe Sn 
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Z 


Zeeman effect, rotational 
magnetic moment and, 
167 
Zinc 
aluminum alloy 
electron concentration on, 
210 
phase diagram of, 209 
antimony -lead-sodium sys- 
tem, 32 
copper alloy 
electron concentration of, 


208 
structure of, 206-7, 208 
heat capacity of, 5 
Zinc oxide 
catalysis by, 294, 299 
conductivity of, 297 
Zinc sulfate 
aqueous, thermodynamic 
properties of, 4 
hydrated, randomness of, 4 
Zirconium, chromatographic 
separation of, 334-35 
Zirconium dihydride, crys- 
talline structure of, 241 














